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Electrocoagulation (EC) is an emerging electrochemical technology for the treatment of 
contaminated waters and wastewaters. EC involves the application of electric current to metal 
electrodes to release metal ions into the surrounding contaminated water. These metal ions form 
precipitates, which subsequently adsorb contaminants. Compared with chemical coagulation, EC 
offers several distinct benefits, including lower sludge production, adjustable/controllable 
treatment rates, low material costs, and reduced energy consumption. EC is especially appealing 
for the treatment of high-salinity wastewater streams (e.g., oil and gas produced water, hydraulic 
fracturing flowback) as the addition of more salts to such types of wastewaters is usually not 
desirable. Despite growing interests in EC, the optimization and implementation of this technology 
in the water and wastewater treatment sector has been laggard, partly because factors that affect 
EC performance are still not thoroughly understood. The overall goal of this PhD research is to 
gain further insights into the potential utility of EC, focusing particularly on answering the 
following two questions: (1) Can EC effectively treat heavily contaminated wastewater streams 
consisting of different types of contaminants? (2) How can electrode fouling in EC be mitigated 
without disrupting the treatment process?  
In the first research chapter (Chapter 3), the treatment of oil sands thermal in-situ produced 
water by iron EC (Fe-EC) and aluminum EC (Al-EC) was investigated. Oil sands thermal in-situ 
produced water is a heavily contaminated wastewater streams consisting of silica, sulfide, and 
hardness. Effective removal of silica, sulfide and hardness from produced water can reduce 
corrosion and scaling of steam generators, enhancing water recycling and reuse in the oil sands 
industry. In Fe-EC, the precipitation of FeS minerals resulted in a rapid removal of sulfide and 
adsorption of silica onto FeS. In Al-EC, silica was removed via adsorption onto aluminum 
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hydroxides, while sulfide was removed by stripping and electrochemical oxidation. The removal 
of sulfide was less efficient with Al-EC than with Fe-EC. In Fe-EC, Ca2+ and Mg2+ were removed 
from the organic-free synthetic produced water but not from the authentic water, likely due to the 
influence of organic species. Also, contaminant removals in Fe-EC were controlled by charge 
density but not current density. Overall, the research reported in this chapter suggests that EC can 
be a promising technology for the treatment of thermal in-situ produced water.  
In the second research chapter (Chapter 4), the treatment of a synthetic groundwater 
containing high hardness was investigated, in order to gain insights into how electrode fouling by 
hardness can be mitigated. Electrode fouling is considered as a major problem in EC because it 
can cause decreased coagulant production, increased ohmic resistance and energy consumption, 
and reduced contaminant removal efficiency. Therefore, researchers have put significant efforts 
into finding techniques to prevent/mitigate fouling. One technique that has gained great deal of 
interest is polarity reversal (PR), which involves periodically switching the direction of the current 
such that the anode becomes the cathode and vice versa. Compared with other fouling removal 
techniques (e.g., mechanical/chemical cleaning, pre-treatment by ion exchange to remove Ca2+ 
and Mg2+), PR is especially appealing because it allows for the removal of fouling to occur 
concurrently with the production of coagulant. PR also does not require chemical addition, reactor 
shutdown, or additional infrastructure other than a current switch. While it has been suggested that 
PR can help mitigate electrode fouling, conflicting results about the utility of this approach have 
been reported in the literature. In this research, it was found that operating Fe-EC under the PR 
mode reduced neither electrode fouling nor energy consumption. Notably, the faradaic efficiency 
(ϕ) in Fe-EC decreased with increasing PR frequency; ϕ was as low as 10% when a PR frequency 
of 0.5 minutes was employed. Unlike Fe-EC, operating Al-EC under the PR mode resulted in high 
vii 
 
coagulant production efficiencies, reduced energy consumption, and diminished electrode fouling. 
In addition to comparing PR-EC and DC-EC, a novel strategy to minimize electrode fouling was 
investigated. This strategy involved operating Fe DC-EC and Al DC-EC with a Ti-IrO2 cathode, 
whose fouling by Ca- and Mg-containing minerals could be readily avoided by periodically 
switching the current direction. 
Building upon the investigation with synthetic groundwater in Chapter 4, the effect of PR on 
coagulant production under other water chemistry conditions was examined in Chapter 5. As in 
the synthetic groundwater experiments, ϕ in Fe-EC also decreased with increasing PR frequency 
in the experiments with NaCl, Na2SO4, and synthetic produced water solutions. Notably, ϕ was < 
20% in all PR Fe-EC experiments with synthetic produced water. This result suggests that the 
mitigation of electrode fouling in the Fe-EC/synthetic produced water system by PR does not 
appear to be a promising strategy, because a low ϕ would be detrimental to contaminant removal. 
In comparison, ϕ was above 100% (i.e., super faradaic efficiency) in most Al-EC experiments. 
Given that maintaining a high coagulant production is paramount to the removal of silica (i.e., the 
main target contaminant in the oil sands thermal in-situ produced water), Al-EC was deemed more 
promising for the treatment oil sands thermal in-situ produced water. While operating Al-EC under 
PR can mitigate electrode fouling, the use of high PR frequency should be avoided, as this would 
result in decreased coagulant production (hence, decreased silica removal), decreased calcium and 
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Chapter 1  
Introduction  
1.1 Motivation 
The focus of this PhD research is the treatment of water and wastewater by electrocoagulation 
(EC). EC involves the application of electric current to submerged iron (Fe) and aluminum (Al) 
electrodes to release iron and aluminum ions into the surrounding solution. These ions are then 
polymerized, forming oxyhydroxide precipitates that can adsorb contaminants 1–5. Subsequently, 
the precipitates laden with contaminants are separated from the treated water by various methods, 
such as flotation, filtration, or gravitational settling. Compared with chemical coagulation (CC, in 
which iron and aluminum ions are introduced to the solution via the addition of salts such as FeCl3, 
Fe2(SO4)3, and Al2(SO4)3), EC offers several distinct benefits, including lower sludge production, 
adjustable/controllable treatment rates, low material costs, and reduced energy consumption 6–10. 
EC is especially appealing for the treatment of high-salinity wastewater streams (e.g., oil and gas 
produced water, hydraulic fracturing flowback) as the addition of more salts to such types of 
wastewaters is not desirable. While previous studies have shown that EC is suitable for the 
treatment of not only groundwater and surface water but also heavily contaminated industrial 
wastewater streams 8,11–13, the optimization and implementation of EC has been impeded by 
several knowledge gaps surrounding factors affecting EC performance. Therefore, the overall goal 
of this PhD research is to address some of these knowledge gaps, focusing specifically on 
preventing electrode fouling and enhancing the removal of multiple contaminants in complex 
wastewater matrices.  
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A major operational problem in EC is the build-up of materials on the surface of the 
electrodes, a phenomenon often referred to as fouling. Electrode fouling occurs mainly due to the 
accumulation on the electrode surface of metal oxyhydroxides and Ca-/Mg-containing minerals, 
with the latter being particularly problematic for the treatment of high hardness waters, such as 
groundwater, oil and gas produced water, and boiler blowdown 14–18. Electrode fouling is a concern 
because it can lead to various operational issues, including increased energy consumption, lower 
migration of coagulant to the bulk solution, and clogging of the reactor6,19–23. To decrease fouling, 
it has been recently proposed that the electric current in EC should be switched constantly or 
intermittently. This mode of EC operation, also known as polarity reversal (PR), is hypothesized 
to initiate chemical/electrochemical reactions that can displace the accumulated materials. 
However, the effectiveness of PR at removing/preventing electrode fouling has not been studied 
in detail. In addition, it is currently unclear how PR affects coagulant production, contaminant 
removal, and energy consumption in EC. Therefore, one of the objectives of this PhD research 
is to compare and contrast Fe-EC and Al-EC systems that are operated in the direct current 
(DC) and the PR mode. 
As mentioned earlier, EC is an attractive technology for the treatment of high-salinity 
wastewaters. One example of such waters is oil sands thermal in-situ produced water (PW), which 
is a waste product of oil sands extraction. Thermal in-situ PW typically consists of bitumen residue, 
organic compounds, suspended solids, and inorganic salts. Of these constituents, dissolved silica, 
present at concentrations as high as 350 mg/L, is particularly problematic because its precipitation 
can lead to scaling of steam generators and clogging of disposal wells. Currently, dissolved silica 
is removed from the PW by lime softening or evaporative treatment 24. However, these treatment 
technologies have high capital cost, are energy intensive and difficult to operate 25. Lime softening 
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is also chemical intensive and generates large volume of sludge. Therefore, novel cost-effective 
technologies that can effectively remove silica are needed to help the oil sands industry increase 
water recycling, reduce energy consumption and production cost, and reduce environmental 
impact. To this end, Canada’s Oil Sands Innovation Alliance (COSIA) has identified the 
development of innovative silica removal technologies as one of the industry’s priorities 24. In 
addition to silica, removing calcium, magnesium, and sulfide from in-situ PW is also desirable 
because these solutes can cause scaling and corrosion of pipelines and steam generators 26,27.  
Several studies have shown that EC can remove silica, sulfide, Ca2+, and Mg2+ 14,28–31, raising 
the potential of this technology to treat thermal in-situ PW typically that contains these 
contaminants. However, these previous studies dealt with wastewater streams (e.g., municipal 
wastewater, hydraulic fracturing PW, brackish water, or cooling tower blowdown water) that were 
less complex than thermal in-situ PW typically. These studies also often focused on the removal 
of only one specific contaminant (e.g., sulfide in wastewater, or silica from brackish water 28,31. 
Whether EC can remove silica, sulfide, calcium or magnesium when these species coexist in a 
complex water matrix like in-situ PW has not yet been investigated. Thus, the other objective of 
this PhD research is to explore the treatment of in-situ PW by EC, focusing on investigating 
1) the ability of EC to remove multiple contaminants in a single treatment step, 2) whether PR can 
be employed as an effective means of preventing electrode fouling by silica, Ca2+, and Mg2+ in in-




1.2 Thesis Organization   
This PhD thesis reports the results of the research designed to address the knowledge gaps 
described in section 1.1.  Chapter 2 describes the relevant background information on coagulation, 
EC, current challenges associated with the technology, and the specific objectives of this research. 
Chapter 3, written as a stand-alone published manuscript 32, investigates the ability of EC to 
simultaneous remove of silica, sulfide, and hardness from in-situ PW. Chapter 4, also written as a 
stand-alone published manuscript 33, focuses on determining how PR affects electrode fouling and 
coagulant production efficiency. Chapter 5, containing some published materials 34, investigates 
the effect of solution chemistry and PR on coagulant production efficiency, precipitate 
characteristics, and contaminant removal. The last chapter, Chapter 6, summarizes the key 








Chapter 2  
Background  
2.1 Water Treatment by Coagulation  
One of the most common water treatment techniques is chemical coagulation (CC). 
Coagulation involves the addition of chemical coagulants to create the conditions necessary for 
the removal of particulate and dissolved matter. While this process is broken down into two distinct 
steps, namely coagulation (i.e., the addition of chemicals) and flocculation (i.e., the aggregation 
and growth of particles), for simplicity the two processes will be referred to as coagulation in this 
thesis.  
2.1.1 Coagulation Principles  
The stability of particles in water is dependent on the balance between two forces, namely the 
repulsive electrostatic force and the attractive van der Waals force. Under normal conditions the 
repulsive force dominates, resulting in stable particles that will not aggregate or settle. In contrast, 
coagulation allows attractive forces to dominate, resulting in the destabilizing of particles and the 
formation of flocs. The three main mechanisms by which coagulation promotes the aggregation of 
particles are 1) the compression of the electrical double layer, 2) adsorption and charge 
neutralization, and 3) enmeshment or “sweep floc”. These processes describe the attachment 
portion of coagulation; however, for attachment to occur the transport of coagulant to the 
contaminants must also be promoted. To promote contact between the coagulant and contaminants, 
the solution is often mixed mechanically or in line.  
6 
 
2.1.2 Coagulation with Iron and Aluminum Salts  
The most common iron coagulants are ferric chloride (FeCl3) and sulfate (Fe2(SO4)3), while 
the most common aluminum coagulant is “alum” (Al2(SO4)3*14H2O). When added to water, these 
coagulants will dissociate to yield trivalent ions (reactions 1-3).  
FeCl3 → Fe
3+ + 3Cl-    (1) 
Fe2(SO4)3 → 2Fe
3+ + 3SO4
2-   (2) 
Al2(SO4)3 → 2Al
3+ + 3SO4
2-   (3) 
The metal ions will then undergo hydrolysis to form various iron and aluminum 
oxyhydroxides, depending on the pH and oxygen availability within the solution. The addition of 
metal salts, and their subsequent hydrolysis, will also result in the production of H+ ions, causing 
the pH to drop. The amorphous solids that are produced from this process are sensitive to pH 
changes and may re-dissolve. The re-dissolution of the metal precipitates will result in non-ideal 
coagulation conditions and reduced treatment efficiency. Therefore, pH adjustments are often 
necessary in CC to maintain optimal coagulation conditions. 
CC using iron and aluminum salts is a well-established technique for the removal of 
suspended particles as well as a wide variety of contaminants in both drinking water and 
wastewaters. Some contaminants that can be removed by CC include natural organic matter 35,36, 
algae 37,38, pathogens 39, phosphorus 40,41, dissolved organic nitrogen 42,43, arsenic 44,45, copper 46, 






2.1.3 Drawbacks of Chemical Coagulation 
While CC is a well-studied and proven technology, its use for water treatment still has 
drawbacks, which generally fall into two categories, namely cost and treatment complexity. On 
the cost side, the transport and storage of chemical coagulants requires additional expense. CC 
also has large mixing requirements, which leads to high energy demands and operational costs. On 
the treatment complexity side, the addition of metal ions via metal salts also results in the addition 
of counter ions to the water, which are undesirable for water recycling since they can damage pipes 
and equipment. Therefore, additional treatment may be needed to remove these counter ions, 
increasing both cost and treatment complexity. As mentioned previously, the addition of metal 
salts also decreases the pH of the water, which can impact treatment efficiency and later treatment 
processes that often function optimally at neutral pH values. Often, this decrease in pH is mitigated 
by increasing the alkalinity of the water through the addition of a base, which not only further 








2.2 Electrocoagulation  
Electrocoagulation (EC) involves the application of current to metal electrodes to release 
metal ions into the surrounding water. Generally, water treatment by EC occurs via the steps listed 
below and summarized in Figure 2-1.  
 
Figure 2-1. The electrocoagulation process 
1. On the anode, the electrochemical corrosion driven by the electric current produces metal 
ions:  
    M → Mn+ + ne-   (4) 
2. On the cathode, the reduction of water produces OH- and H2 gas:  
    2H2O + 2e
- → H2 + 2OH
-  (5) 
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3. The metal ions released via reaction 4 destabilize the suspended particles in the solution. 
The metal ions also react with H2O (i.e., hydrolysis) and/or other dissolved species in the 
solution to form precipitates:  
Mn+ + nH2O → M(OH)n(s) + nH
+  (6) 
Mn+ + nX → M(X)n(s)    (7) 
4. Contaminants are adsorbed onto the surface of the precipitates.  
5. The precipitates aggregate and form flocs, which subsequently are separated by 
sedimentation, floatation, or filtration. 
Compared to CC, EC offers several distinct advantages, including no chemical addition, little 
change in pH due to the simultaneous production of OH- and H+, smaller space requirements, no 
addition of unnecessary counter ions, less mixing requirements due to uniform corrosion of the 
electrodes directly into the surrounding solution, and reduced sludge generation 6,8–11. EC is 
especially appealing for the treatment of high-salinity waste streams as the addition of salts and 
other chemicals to such types of waste is not desirable. Additionally, EC can also be more easily 
implemented as a small-scale point of use treatment since it does not require the storage and 
transport of chemicals and is relatively easy to operate.   
Given the aforementioned potential benefits of EC, there have been extensive efforts put 
towards investigating the treatment of various water streams by EC over the last couple of decades, 
including, surface water 10, groundwater 52–54, municipal wastewater 55, landfill leachate 56,57, boiler 
blowdown 14,15, and industrial wastewaters 5,58,59. Of these waters, the treatment of groundwater by 
EC to remove arsenic (As) is one of the most studied 60–64, and researchers have successfully 
demonstrated the removal of As by EC in the laboratory as well as in the field 65. In addition to 
As, other types of contaminants and solutes have also been shown to be removed by EC, including 
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chromium (VI) 3,66–68, heavy metals 69–73, dyes 13,74–80, perfluoroalkyl acids 81–84, dissolved silica 
15,85, hardness 15,29,86,87, fluoride 52,88–90, natural organic matter (NOM) 91,92, and chemical oxygen 
demand (COD) 29,58,70,93–95.  
To further describe the details of the processes that occur in EC, the following sections of this 
chapter are organized to provide background on EC theory. First, a description of common EC 
parameters and their associated equations are presented. This is followed by a description of the 
processes that occur in EC reactors with iron and aluminum electrodes. Finally, this section ends 
with a discussion of electrode fouling and the current proposed fouling control strategies. 
2.2.1 Key Electrocoagulation Parameters  
As mentioned earlier, the release of coagulants in EC occurs when a current is applied to the 
submerge metal electrodes. There are three main parameters that are used in EC literature to 
describe this process, namely current density j (A/cm2), charge density q (C/L), and faradaic 
efficiency (ϕ).Whereas j is the current I (A) applied to the system normalized by the surface area 
of the anode A (cm2), q is a measure of the amount of charge that passes through the system of 





Equation 1 Current density 
 
𝑞 =
(𝐼 × 𝑡)  
𝑉
 
Equation 2 Charge density 
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Current density i, controls the rate at which coagulant is released into the solution, which can 
impact the nature of the precipitates produced, their ability to coagulate, and the pH conditions 
within the reactor (see sections 2.4.2 - 2.4.4). The varying concentration gradients, which is the 
result of lower or higher current density, can also influence the migration of coagulant from the 
electrode surface into the bulk solution. Higher current densities can also lead to higher electrode 
potentials, which control what electrochemical reactions can occur. Meanwhile, charge density q 
controls the total coagulant dose within the reactor. Similar to CC, coagulant dose can directly 
affect contaminant removal, particularly for contaminants that react directly with the metal ions or 
adsorb to the metal precipitates. The total amount of metal ions in solution can also impact the 
type of precipitates that can form 96. 
The other parameter that is important in EC is the faradaic efficiency (ϕ), which is the ratio 
between the actual mass of coagulant produced (m) over the theoretical amount predicted by 




    





Equation 4 Faradaic efficiency 
where z is the number of electrons transferred in the anodic reaction (reaction 4) (e.g., z = 2 for Fe, 
3 for Al), F is Faraday’s constant (96,485 Coulombs/eq), M is the molecular weight (56 for Fe, 27 
for Al) and t is the electrolysis time (s). Ideally, the only anodic reaction should be the production 
of metal ions (ϕ = 1). If other reactions were to occur, ϕ would decrease. Consequently, higher 
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current densities, which can trigger side reactions, may result in low ϕ. Thus, j is an important 
parameter to optimize in conjunction with ϕ.  
2.2.2 Iron-based Electrocoagulation  
One of the most frequently used electrode materials used in EC is zero-valent iron (Fe0) as it 
is relatively inexpensive and readily available, although more expensive materials such as 
aluminum (Al0) 11,13, magnesium (Mg0) 97,98, and zinc (Zn0) 99,100 are used in certain applications. 
In iron-based electrocoagulation (Fe-EC), Fe(II) ions are released via anodic oxidation (reaction 
8).  
    Fe → Fe(II) + 2e-    (8) 
The ions are then diffused into the bulk solution where they are oxidized by dissolved oxygen 
into Fe(III) ions. Subsequently, the Fe(III) ions rapidly precipitate out to form solids that have high 
surface area and adsorption capability (e.g., reaction 9) 2.  
   4Fe(II) + O2 + 10H2O → 4Fe(OH)3(s) + 8H
+
  (9) 
Over the past two decades, researchers have put significant effort into characterizing the 
physio-chemical properties of the precipitates generated in Fe-EC, and elucidating factors 
affecting the adsorption of contaminants onto the precipitates. It has been shown that both the 
solution chemistry and EC operation parameters control the nature of the precipitates. For example, 
in oxygenated solutions the precipitates are lepidocrocite (-FeOOH) or a mixture of lepidocrocite 
and ferrihydrite (i.e., a poorly crystalline iron hydroxide), whereas magnetite (Fe3O4) is produced 
in anoxic solutions 96,101. However, if the anoxic solution contains carbonate and sulfate, the 
predominant product would be carbonate green rust or sulfate green rust 96. Dissolved silica, a 
solute commonly present in groundwater, can also influence the formation of iron precipitates by 
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slowing the oxidation of iron (reaction 8) 102 and the crystallization of iron hydroxide 103. The 
precipitates produced by Fe-EC in the presence of silica have been shown to be ferrihydrite 96,103.  
Current and charge density can also affect the solution chemistry and mass transport 
characteristic in Fe-EC. For example, the rapid release of Fe(II) from the anode when EC is 
operated at a high j will result in a quick consumption of dissolved oxygen via reaction 9. Oxygen 
can also be consumed via reduction at the cathode (reaction 10). 
O2 + 4e
- + 4H+ → 2H2O    (10) 
If the rate of oxygen consumption is faster than the rate of replenishment from the surrounding 
air, an initially oxygenated solution can quickly become anoxic. Thus, the nature of the precipitate 
produced in Fe-EC would continuously change during the treatment. Also, as bulk and cathodic 
reactions involve H+ and OH- (reactions 5, 9, 10), the solution pH, as well as the local pH in the 
boundary layer of the electrodes, change during EC operation. It is well known that the solution 
pH has a tremendous effect on the chemistry of dissolved iron and iron minerals, including 
controlling the rate of Fe(II) oxidation (reaction 9) 104, the dissolution and precipitation of iron 
minerals 105, and the mineral surface charge surface106. Therefore, a change in pH during Fe-EC 
treatment will influence the physio-chemical properties (e.g., crystallinity, surface area and charge, 
surface adsorption density) of the precipitates and the efficiency of contaminant adsorption. 
As well as controlling the formation of the precipitates, the solutes present in the to-be-treated 
water can affect the removal of contaminants either by directly competing with the contaminants 
for surface adsorptive sites or by inhibiting the growth and aggregation of precipitates into larger 
flocs that can be easily separated from the treated water. For example, it has been shown that the 
removal of As by Fe-EC was significantly reduced in the presence of phosphate because the latter 
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binds strongly to iron precipitates, reducing the number of surface sites available for As adsorption 
60. Although dissolved silica did not significantly impact the adsorption of As, its presence led to 
the formation of ferrihydrite colloids that would settle out at a slower rate 96. NOM could also 
influence the removal of contaminants in Fe-EC as NOM can compete with the contaminants for 
surface adsorptive sites, as well as prevent the coagulation and flocculation of the precipitates. 
2.2.3 Aluminum-based Electrocoagulation  
In aluminum-based electrocoagulation (Al-EC), Al(III) ions are released from the anode and 
react with water to form aluminum oxyhydroxides (reactions 11, 12, 13) 12,107,108. 
   Al → Al(III) + 3e-    (11) 
   Al(III) + 3H2O → Al(OH)3 + 3H
+  (12) 
   nAl(OH)3 → Aln(OH)3n   (13) 
The aluminum species formed during EC are dependent on the pH of the bulk solution as well 
as the pH near the electrodes. At low pH, cationic monomeric species such as Al3+ and Al(OH)2
+ 
are formed, while at higher pH values Al(OH)2+, Al2(OH)2
4+ and Al(OH)4− are also present 11,107. 
The most common precipitate formed in Al-EC is amorphous Al(OH)3 polymorphs, particularly 
bayerite, though studies also reported the presence of boehmite (AlOOH) 109–111. However, pH and 
co-existing ions can determine the nature of the precipitates formed, leading to the formation of 
other aluminum species. For example, in the presence of phosphate the precipitates become a 
mixture of Al(OH)3 and AlPO4 
41. In the presence of fluoride, various intermediate species of 
aluminum fluoride complexes can be formed including Al(OH)F, AlFO2H and AlF2 
5. The solution 
chemistry also plays a role in the production of coagulant and/or the prevention of corrosion at the 
surface of the aluminum electrodes. For example, the presence of phosphate can impede the 
corrosion of aluminum electrodes by forming a passive layer of AlPO4, while the presence of 
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chloride ions can facilitate corrosion 41,108. Of particular concern is sulfate, which has been shown 
to lower faradaic efficiency and reduce contaminant removal 90,112.  
While Al-EC follows principles similar to those of Fe-EC (as described above), there is an 
important difference between Fe-EC and Al-EC, that is aluminum is soluble at high pH. Therefore, 
chemical corrosion of the aluminum cathode is possible due to the high pH region generated via 
reaction 5. This additional chemical corrosion increases the amount of coagulant being produced, 
such that ϕ would be above what would have been predicted by Faraday’s law. This phenomenon 
is often referred to as super-faradaic efficiency 108,113–115. While this phenomenon can be beneficial 
as more coagulant is produced with less energy provided to the system, it will also increase 
electrode consumption, requiring the electrodes to be replaced more frequently.  
2.2.4 Floc Formation in EC 
Sections 1.4.2 and 1.4.3 above describe the processes that result in the formation of 
precipitates and the removal of contaminants from the solution. Following these processes, the 
precipitates aggregate and are removed from the treated solution. As discussed in section 1.2, 
coagulation not only consists of attachment but also the growth and aggregation of the precipitates 
into flocs 116. The growth and aggregation of aluminum and iron flocs in CC and EC can be quite 
different, due to 1) the dosing of the coagulant 2) the pH conditions, and 3) the production of gas 
bubbles 117.  
In EC, coagulants are gradually introduced to the solution across the electrode surface. In 
contrast, coagulant dosing in CC happens all at once, resulting in vastly different solution 
conditions. As discussed previously, the main change to solution chemistry in CC is a pH drop due 
to metal hydrolysis 116. The low pH impacts what metal species can form and can keep the metal 
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ions dissolved, resulting in non-ideal coagulation conditions. For aluminum, both low and high pH 
values promote the formation of soluble aluminum species (Al3+ and Al(OH)2
+ and low pH and 
Al(OH)2+, Al2(OH)2
4+ and Al(OH)4− at high pH). When these soluble aluminum species transition 
to insoluble forms, such as bayerite or boehmite, the flocs tend to be much smaller in size 118. 
Conversely, if the Al3+ ions are introduced directly within the pH range of 5-8, amorphous 
boehmite is formed. Amorphous boehmite more readily forms large flocs that can enmesh other 
precipitates and contaminants. To achieve this “ideal” pH for coagulation in CC, the addition of a 
base is often necessary. In contrast, the pH change in EC is buffered by the production of OH- at 
the cathode, resulting in a more neutral to alkaline environment that is more conducive to the 
formation of the large boehmite flocs 21,118–120.While the effect of pH is similar for iron species, it 
is only readily soluble at low pH values and therefore has a much larger optimal pH range (5-10) 
for coagulation 2,121,122. While pH adjustment will remain necessary in CC to bring the solution pH 
to 5, Fe-EC unlikely requires any chemical addition to adjust the solution pH. 
The gradual dosing of coagulant in EC also results in a more “diffusion limited aggregation 
process” in which floc formation is limited by the contact between the metal precipitates 118. Flocs 
formed under gradual dosing conditions are described as having looser, larger structures, which 
can impact settling, flotation, and contaminant removal. These looser, larger structures also tend 
to be more fragile. In contrast, CC flocs are produced under the “reaction limited aggregation” 
regime, resulting in more compact flocs 118. In EC, current density can also affect floc formation 
by controlling the dosage rate of coagulant. Higher current densities will result in higher 
concentrations of coagulant being produced over a shorter period of time. This will push the 
conditions within the boundary layer of the anode to more “reaction limited aggregation”, similar 
to that in CC 118. Current density will also change the migration of particles within the reactor by 
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controlling the strength of the electric field. Higher current densities result in stronger electric 
fields, which promote the faster migration of particles in the reactor and more collisions between 
particles, thereby enhancing coagulation 118,123,124. However, these positive effects must be 
balanced with the charge density, which dictates total coagulant dose. Higher current density 
means higher charge density for the same current processing time and volume. If the dose surpasses 
the optimal value, there will be wasted electrode and energy and larger flocs that may be less likely 
to float 21,124. Additionally, high current densities can result in side-reactions, diverting energy 
away from the production of coagulant.  
Another difference between EC and CC is the production of hydrogen gas at the cathode in 
EC. These small gas bubbles can become a part of the floc structure and promote flotation 20,125. 
Current density will affect the rate of hydrogen production and, therefore, affect the introduction 
of gas bubbles to the floc structure. Gas generation can also impact electrode fouling, which will 
be discussed in future sections (section 2.2.5.3). 
In addition to the factors discussed above, hydrodynamics within the EC reactor will also 
play a large role in floc formation. The hydrodynamics within the reactor will be determined by 
reactor shape, electrode distance, and mixing patterns. In general, high mixing and turbulence in 
the reactor is necessary for the migration of coagulant from the electrodes to the bulk solution 9. 
High mixing will also be beneficial to coagulation to ensure a high degree of particle collisions. 
However, excessive shear can also lead to floc breakage 126. To balance these two factors, it may 
be beneficial to separate the coagulant dosing and high mixing zones from the floc formation zones 
to ensure optimal conditions for each.  
As discussed, the pH of the solution preceding and during coagulation can greatly impact the 
floc growth in EC. Other solution chemistry parameters, such as the types of pollutants present 
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will also impact floc growth 117,119. For example, the presence of oils can coat the precipitates 
produced and can cause them to float, reducing their ability to collide and grow. Furthermore, the 
presence of silica can influence the crystallinity of iron oxides and affect their ability to coagulate 
127,128. Therefore, much like CC, EC must be optimized for specific water chemistry conditions.  
2.2.5 Fouling in Electrocoagulation  
One of the major long-term operational challenges associated with EC is the build-up of 
materials on the surface of the electrodes over time, which is often referred to as fouling, although 
other terms such as scaling and electrode passivation have also been used in the literature. The 
types of fouling materials present on the electrodes differ depending on if the electrode is an anode 
or cathode, owing to the different reactions and pH conditions in the vicinity of each electrode 
(i.e., low pH at the anode, high pH at the cathode). The anode fouling layer consists of primarily 
metal oxyhydroxides, which build up over time as the metal ions produced at the electrode-
electrolyte boundary undergo hydrolysis and/or react with species in the boundary layer 2,114. 
Meanwhile, in the high pH region at the cathode, calcium and magnesium ions can react with OH- 
or carbonate in the surrounding water to form minerals (reactions 14-17) 72,129–131. 
HCO3
- + OH− → CO3
2- + H2O     (14) 
Ca2+ + CO3
2− 
→ CaCO3(s)      (15) 
(1-x)Ca2+ + xMg2+ + CO3
2- → Ca1-xMgxCO3(s)   (16) 
Mg2+ + 2OH− → Mg(OH)2(s)     (17) 
Fouling can cause different side effects, depending on the electrode and fouling materials 
present. For example, if the build-up of materials on the surface becomes severe, fouling can 
decrease the inter-electrode gap and clog the EC reactor 132. Faradaic efficiency in the bulk solution 
can also decrease if the migration of metal ions into the bulk solution is impeded by the formation 
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of metal oxyhydroxides directly onto the electrode surface, enmeshing metal ions in the fouling 
layers17,19,22,133. Additionally, the presence of Ca- and Mg- containing minerals can impede the 
chemical corrosion of the electrode’s surface and decrease coagulant production. The presence of 
fouling layers also increases electrode overpotential and, therefore, energy consumption over time 
20,21,23,114,133,134. If overpotential continues to increase, side reactions that direct energy away from 
the production of metal ions become possible, potentially reducing coagulant production and 
contaminant removal 96,112. Anodic fouling, in particular, can decrease the number of active sites 
available for corrosion on the electrode surface. This decrease can result in a localized area of high 
current density, which can also trigger side reactions and can lead to non-uniform corrosion of the 
electrode. Some possible side reactions include the oxidation of water and chloride ions into O2(g) 
and Cl2(g) (reactions 18 and 19) 
96. 
2H2O ↔ O2 + 4H
+ + 4e-    E0 = 1.23 V vs. SHE                    (18) 
2Cl- ↔ Cl2 + 2e
-                E0 = 1.36 V vs. SHE                 (19) 
Due to the negative side effects associated with fouling researchers have suggested several 
types of fouling mitigations strategies that seek to remove the fouling layers present or to pre-
emptively prevent their formation. 
2.2.5.1 Fouling Prevention Strategies 
One of the main mitigation strategies to prevent the formation of fouling layers is aggressive 
ion addition, which is often suggested in cases where passivating oxyanions such as SO4
2-, 
phosphate, NO3
- are present in the solution 17,108,112,134–136. Aggressive ion addition works by 
allowing ions to directly react with the electrode surface to form soluble metal complexes 17,108. 
The main  aggressive ion suggested by the current research is Cl-, which promotes pitting corrosion 
on both iron and aluminum electrodes 17,109,134,137,138. Some studies have even suggested specific 
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ratios of Cl- ions with respect to passivating oxyanions to ensure corrosion of the electrode surfaces 
17,107,114,139. Despite the effectiveness of this technique, there are drawbacks to aggressive ion 
addition. Firstly, the addition of salts adds significant cost to the treatment, particularly considering 
that the main advantage of EC is its ability to treat water without the addition of salts. Secondly, 
aggressive ion addition may also require further treatment downstream of the EC reactor to remove 
the salts before discharge to the environment. Finally, it has also been suggested that high Cl- ion 
concentrations could result in the generation of toxic by-products if organics are present 66,140–142.  
Another option to prevent the formation of fouling in EC is pre-treatment to remove the ions 
that can precipitate within the boundary layers, particularly Ca2+ and Mg2+, via ion exchange or 
lime softening. However, this would increase the treatment complexity of the system and add 
significant cost.  
2.2.5.2 Fouling Removal Techniques  
To overcome the drawbacks of fouling mitigation, several fouling removal strategies have 
also been proposed, including mechanical and chemical cleaning, increasing the flow rate, and 
ultrasonication. Mechanical cleaning involves physically removing the fouling layers by brushing 
or scraping the surface of the electrodes2,19,64,133. Amrose et al. (2013) showed that periodically 
removing these layers with a steel brush reduced energy consumption and enhanced contaminant 
removal, demonstrating the importance of removing fouling in EC. While this technique is highly 
effective and is recommended by several researchers2,19,22, it requires shutting down the EC reactor 
for a period of time and physically removing the electrodes to clean them. This increases the labour 
required for the treatment process and is not suitable for continuous EC operations. Alternatively, 
the fouling layers can be removed by washing the electrodes with acid. However, this technique 
has the same drawbacks as the mechanical cleaning (i.e., operation disruption), and also requires 
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the purchase and disposal of concentrated acids 22. Another fouling removal method that has been 
proposed is hydrodynamic scouring, which involves the application of increased flow through the 
reactor to dislodge the fouling layers 9. To maximize the effectiveness of this technique, it was 
suggested that the EC reactor should also be designed to increase the shear across the surface of 
the electrodes 9. However, increasing the flow rate or optimizing the reactor design may not always 
be possible since the flow rate may affect other processes within the EC reactor. For example, 
increased flow rate would result in large space requirements if a certain residence time must be 
attained for proper contaminant removal. Additionally, higher flow rates will result in more 
turbulence within the reactor, which is detrimental to the formation of large flocs. Ultrasonication-
assisted EC, also referred to as sono-EC, combines the EC process with sonication to enhance 
pollutant removal and dislodge any fouling layers on the electrodes’ surface 143,144. Sonication 
induces cavitation, which is the formation, growth and collapse of bubbles within solution. These 
bubbles can dislodge the fouling layers and create cracks and defects on the surface of the 
electrodes, thus increasing the rate of corrosion by increasing the surface area 143,145. Several 
studies have reported increased contaminant removal using sono-EC with minimal additional 
operating costs 143,146–151 . However, other studies have indicated large cost increases 152, and 
increased passivation under high-power sonication conditions 147. Furthermore, it has also been 
suggested that sonication may break apart the flocs formed in EC, leading to lower contaminant 
and solids removal 147. Therefore, while sono-EC is a promising technology for fouling removal 
and enhanced EC performance, more research is needed to optimize its use. Given that the use of 




2.2.5.3 Polarity Reversal  
Due to the drawbacks of the other fouling mitigation and removal strategies, researchers have 
begun focussing on alternating current (AC) and polarity reversal (PR) as a cost-effective, easily 
applicable fouling mitigation strategy 17,23,155–158,59,68,74,82,84,97,153,154. These techniques involve 
switching the direction of the current applied to the reactor, such that the anode becomes the 
cathode and vice versa. While in AC the current changes gradually over time (sinusoidal function), 
the current direction in PR is switched intermittently (square function) (Figure 2-2).  
 
Figure 2-2. The mode of application of current in EC 




Figure 2-3. Processes that may occur in the vicinity of the electrodes before and after polarity 
reversal in EC 
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To date, the ability of these techniques to mitigate electrode fouling remains poorly 
understood, with conflicting results being reported in the literature. Studies have shown that PR-
EC consumed less energy yet were more effective at removing contaminants than DC-EC 59,153,159–
161. This enhanced performance was often claimed to be the direct result of the diminished 
electrode fouling. However, few studies analyzed the electrode surface to support this claim. Based 
on Scanning Electron Microscopy (SEM) images, Mao et al 153 Karamati-Niaragh et al 157, and 
Vasudevan et al158,162 reported that iron and aluminum electrodes were dissolved more uniformly 
in PR-EC than in DC-EC. In contrast, two recent studies observed the formation of thick fouling 
layers in PR-EC 22,163, raising significant questions about whether alternating currents can 
effectively mitigate electrode fouling. The removal of electrode fouling layers by PR was also 
invoked in a few studies to explain the higher Faradaic efficiency (i.e., the coagulant production 
efficiency per unit of electric charge passed through the system) 23,164. Contrary to these 
observations, however, several studies have reported a lower Faradaic efficiency in PR-EC than in 
DC-EC, with an efficiency that decreased as the current reversal frequency (f) increased 9,163,165–
167. The  PR f optimal for contaminant removal appeared to be dependent on the electrode type 
(e.g., Fe versus Al) and the contaminant to be removed 68,74,77,168–170. It is difficult to directly 
compare these past results, since the experimental conditions (e.g., solution composition, electrode 
type, PR f, current density, and reactor design) vary greatly between studies. For example, since 
Cl- ions can inhibit electrode passivation by inducing pitting corrosion17,134,137,13817,134,137,138, it is 
not possible to compare the results of the systems that treated concentrated brine and seawater 9 
with those that treated groundwater19. As another example, Muller et al 22 air-dried the iron 
electrodes between each current cycle. As such, the build-up of thick surface layers observed in 
this study may be due to the oxidation of the electrode surface by air. Whether such a build-up of 
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surface layers will occur in a continuously operated system is not certain. In the same study, it was 
speculated that the CaCO3 formed on the cathode trapped or dissolved the iron and diminished the 
coagulant production when the current direction was switched 22. Although the formation and 
removal of Ca- and Mg-containing precipitates in PR-EC systems has not been investigated, the 
potentially detrimental effect of CaCO3 on coagulant production as seen by Muller et al should be 
considered if PR-EC is used to treat hard water (e.g., groundwater). Overall, given the complexity 
of the chemical/electrochemical processes that control the fouling of the electrodes in EC, and the 
varying nature of the fouling layer with different operating conditions, more research is needed to 













2.3 The Treatment of Oil Sands Thermal In-Situ Produced Water  
As mentioned earlier, EC is a promising technology for the treatment of high-salinity 
wastewaters, since the addition of salts and other chemicals to such types of waters is not desirable. 
An example of one of high-salinity waste streams is PW, which is wastewater generated from the 
thermal in-situ extraction of oil sands. Thermal in-situ extraction involves the injection of steam 
into the subsurface to liquify bitumen deposits. The oil-water mixture is then pumped to the surface 
where oil is separated, leaving behind the PW. As a result of oil extraction, PW is comprised of a 
complex mixture of bitumen residue, dissolved organic compounds, inorganic salts, and suspended 
solids (SS). The characteristics of PW collected at the Peace River, Leming Cold Lake and Getty’s 
Kern River facilities are presented in Table 1.  
Table 2-1. Composition of Produced Water. 
1. Royal Dutch Shell. (2014). Peace River Produced Water Quality . Shared data file  








Getty’s Kern River 
(average values)2 
pH 7-9 8-9 7.2 
Na+ (mg/L) 1850 1000-4000 190 
K+ (mg/L) 50 1000-4000 n/a 
Ca2+ (mg/L) 65 40-60 n/a 
Mg2+ (mg/L) 18 4-8 n/a 
Cl- (mg/L) 1950 2000-6000 185 
HCO3
- (mg/L) 1660 100-400 292 
SO4
2- (mg/L) 40 40-200 82 
CO3
2- (mg/L) 2.0 n/a n/a 
H2S (mg/L) 110 10-40 0 
SiO2 (mg/L) 80 150-300 125 
Oil and grease (mg/L) 75 5000-10000 50 
TDS (mg/L) 4750 4000-10000 622 
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Traditionally, PW is reused to produce steam for further oil extraction. The main 
operational challenge concerning the reuse of PW is the formation of scales in boilers and pipes 
due to the high concentrations of silica, calcium, and magnesium in PW. Additionally, corrosive 
agents, such as sulfide, are also a concern since they can corrode pipes and boilers. Thus, these 
solutes must be removed from PW prior to its reuse. In the following sections, the treatment of 
PW by various methods along with the drawback associated with each method are described. As 
will become obvious, the drawbacks of each method highlight the need for an alternative process 
for the treatment of PW.   
2.3.1 Lime Softening  
One of the most common ways to remove hardness from PW is lime softening 26,171. The 
purpose of lime softening is to reduce hardness and silica. This is accomplished through the 
addition of lime and soda ash, along with coagulants and flocculants to promote the precipitation 
of calcium, magnesium, and silica 172–174.  Calcium and magnesium are removed through the 
formation of sparingly soluble minerals, most commonly calcium carbonate and magnesium 
hydroxide. Silica removal occurs by the adsorption and/or coprecipitation of silica with 
magnesium hydroxide precipitates. In lime softening, the temperature is kept at above 49 °C (49 
to 60 °C and 108 to 116 °C for warm and hot lime softening, respectively) to further reduce the 
solubility of calcium, magnesium, and silica. If magnesium is not present in sufficient quantities 
to remove silica, magnesium oxide is added 172.  While effective, warm/hot lime softening 
treatment requires further polishing by weak or strong acid cation exchange to remove residual 
calcium and magnesium. Due to the complexity of lime softening, the treatment of PW by this 
technology is costly, complex, and produces large volumes of precipitates (i.e., sludge) that require 
treatment and disposal 174,175. 
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2.3.2 Evaporation  
Another method that is used to treat PW is evaporation by falling film vertical tube (FFVTE), 
wherein the PW is evaporated into vapour that then condenses into clean water 175. The waste 
generated from this process is a highly concentrated brine, which is disposed of by deep injection. 
The treatment by FFVTE begins by pumping the PW to a heat exchanger, which raises the PW’s 
temperature to its boiling point. The heated PW is then pumped to the bottom of the evaporation 
chamber where it combines with the already processed brine slurry. This mixture is then pumped 
to the top of the chamber where it flows down into heat transfer tubes where a portion will 
evaporate. The vapour created is then collected through mist eliminators and is condensed in a 
compressor chamber. Any remaining fluid that did not evaporate in the tubes is recycled to the top, 
with a portion of it being taken out at the bottom for disposal.  The treatment by FFVTE has several 
advantages over the traditional lime softening systems, including reduced operational complexity 
(since FFTE treatment is a one stage process), reduced maintenance, smaller footprint, and lower 
chemical demand. Despite these advantages, the treatment by evaporation has several drawbacks, 
including the generation of a highly concentrated brine, which must be disposed of, high capital 
and operational costs, scaling of the evaporator over time, and high energy demand 25,175.   
2.3.3 Electrocoagulation for the Treatment of Oil Sands Thermal In-Situ Produced 
Water 
Due to the drawbacks of lime softening and evaporation, novel cost-effective technologies 
that can effectively remove silica are needed to help the oil sands industry increase water recycling, 
reduce energy consumption and production cost, and reduce environmental impact. To this end, 
Canada’s Oil Sands Innovation Alliance (COSIA) has identified the development of innovative 
silica removal technologies as one of the industry’s priorities 24. In addition to silica, removing 
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calcium, magnesium, and sulfide from in-situ PW is also desirable because these solutes can cause 
scaling and corrosion of pipelines and steam generators 26,27.  
As a part of this PhD research, the treatment of thermal in-situ produced water by 
electrocoagulation (EC) will be explored. It is hypothesized that EC can remove the contaminants 
of concern in PW, since studies have demonstrated that EC can remove silica 14,28, sulfide 30, 
calcium, and magnesium 15,29 in various water chemistry conditions. It is noted that these previous 
studies often dealt with wastewater streams that were less complex than PW and focused on the 
removal of only one specific contaminant (e.g., sulfide in wastewater, or silica in brackish water). 
Therefore, the ability of EC to remove these contaminants simultaneously in a complex water 
matrix such as PW warrants further investigation, especially because the removal of contaminants 
from in-situ PW by EC can occur via principles and mechanisms that can be fundamentally 
different from those in other EC applications. In particular, unlike the other water streams that 
have been treated by EC, in-situ PW contains a significant amount of sulfide (as much as 300 
mg/L, measured as H2S) whose presence can lead to the formation of sparingly soluble iron sulfide 
minerals such as mackinawite or greigite, as well as elemental sulfur via the following reactions: 
Anodic reactions:  HS- → S0 + H+ + 2e-   (20) 
Bulk reactions:  Fe(II) + HS- → FeS + H+  (21) 
Fe(II) + 3HS- + S0 → Fe3S4 + 3H
+ (22) 
It has been shown that mackinawite (FeS) is produced when Fe(II) reacts with HS- in solutions 
free of dissolved oxygen 30. However, FeS can also be formed in an initially oxygenated solution, 
because reaction 21 occurs much more rapidly than the formation of iron oxyhydroxides, and also 
because during the EC process dissolved oxygen can be quickly depleted 30. The ratio of FeS to 
iron hydroxide produced in Fe-EC depends on the solution chemistry (e.g., pH or the concentration 
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of dissolved oxygen), the EC operational parameters (e.g., the rate at which Fe(II) ions are released 
into the solution, and the total amount of Fe(II) released), and the solution mass transport 
characteristics (e.g., the concentration of dissolved oxygen in the vicinity of anode, the rate at 
which oxygen is replenished from the surrounding air). For the in-situ PW/Fe-EC system, it is 
hypothesized that the precipitates will consist primarily of iron sulfides. If this is the case, a 
significant reduction of the concentration of sulfide can be expected from the Fe-EC treatment. 
Also, the removal of dissolved silica could be affected by the affinity of silica to the surface of 
iron sulfide minerals if they are the dominant precipitates. Contrary to Fe-EC, the precipitates 
formed when PW is treated by Al-EC will likely be Al(OH)3, since sulfide does not react with 
aluminum ions. Thus, while silica can be removed by Al-EC by adsorbing onto silica 14, it can be 
expected that  sulfide will not be removed by adsorption or precipitation.   
A better understanding of the mechanisms that control contaminant removal is also vital for 
the proper function of EC systems. For example, since PW contains high concentrations of calcium 
and magnesium, if these solutes are removed by precipitating on the cathode (due to the alkaline 
environment around this electrode), electrode fouling likely would occur. Since electrode fouling 
can be detrimental to the performance of EC it should be minimized. Therefore, an understanding 
of not only the amount of removal but the mechanism which control removal is crucial for the 







The overarching goal of the research reported in this thesis is to investigate the fundamental 
factors that control contaminant removal, electrode fouling, and precipitate characteristics in EC. 
The research focuses specifically on 1) the ability of EC to simultaneously remove multiple 
contaminants in the complex water matrix of PW, 2) the use of PR to reduce electrode fouling, 3) 
the effect of PR in conjunction with water chemistry on coagulant production, and 4) the effect of 
PR on contaminant removal and precipitate characteristics. Overall, this research will help address 
some the key knowledge gaps that hamper the use of EC and will aid industry in the development 
of this technology into a more robust and effective method for the treatment contaminated waters.  
Objective I: To investigate the mechanisms through which silica, sulfide, and hardness are 
removed from PW by EC. This objective focuses on developing a mechanistic understanding of 
how EC operating parameters affect the removal of each contaminant within the bulk of the 
solution where active precipitation/adsorption reactions occur during EC. The physio-chemical 
properties of the precipitates formed when PW is treated by EC will be investigated to gain insights 
into the mechanisms of sulfide removal. 
The experiments conducted in this portion of research employed a SPW formulation that 
simulated the water chemistry of authentic thermal in-situ PW. A few experiments were also 
conducted with authentic in-situ produced water collected from a heavy oil thermal in-situ facility. 
A batch reactor setup was used for all experiments. It is recognized that the flow conditions in 
batch reactor setups do not represent those of full-scale continuous flow EC treatment systems. 
However, batch reactor setups are advantageous for studying the mechanisms that control 
contaminant removal, since the mass balance of coagulant and contaminant within the reactor can 
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be more readily tracked. Understanding the fundamental factors that control contaminant removal 
is vital to the design and proper operation of larger, more complex systems.  
Objective II: To determine the effect of PR and solution chemistry on electrode fouling and 
coagulant production. The electrodes are where electrochemical reactions in EC take place, 
including the reactions that release coagulants into the solution. During EC, electrode fouling can 
retard the electrochemical processes and increase energy consumption. This objective will explore 
if the use of PR in EC can help prevent electrode fouling. The effect of PR on coagulant production 
will also be investigated in varying water chemistry conditions, which can impact the processes 
occurring at the electrodes. 
In this portion of research, a flow-through reactor setup was used wherein a fresh 
experimental solution was flown through the reactor. Thus, there was a constant supply of 
contaminants and fouling ions into the reactor, allowing for the accumulation of fouling layers on 
the electrodes as well as their effects on the performance of EC to be observed. To examine the 
effect of solution chemistry, four working solutions were used, namely NaCl, Na2SO4, high 
hardness synthetic groundwater, and the SPW used in Objective I. These solutions were chosen 
for their increasing complexity and varying effects on EC performance. For example, the SGW 
and SPW solutions contained buffers (e.g., HCO3
−), which have previously been reported to affect 
EC performance by creating a passive layer at the electrode surfaces and thereby preventing the 
release of Fe(II/III) 17. In the NaCl solution, the coagulant production is expected to be high 
because Cl− can help dissolve the electrode surface layers and facilitate pitting 137. In contrast, 
SO4
2− has been shown to promote iron and aluminum passivation 17. In the SGW and SPW 
solutions, Ca2+ and Mg2+ are expected to contribute to the fouling of the cathode in DC-EC 72, and 
on both electrodes in PR-EC. Lastly, the SPW contains HS−, which can be electrochemically 
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oxidized into elemental sulfur (S0), and/or can react with Fe2+ to generate sparingly soluble iron 
sulfide minerals (FeS).   
Objective III: To investigate the effect of PR on contaminant removal, and precipitate 
characteristics. This objective seeks to determine if PR affects the precipitates produced in a 
synthetic produced water (SPW). If there is a change in the nature of the precipitates, it can impact 
their ability to adsorb contaminants and their separation from the liquid stream post-EC. Therefore, 
the effect of PR on contaminant removal and solids separation will also be investigated.  
The experiments conducted in this portion of research employed batch reactors to enable 
closing mass balance of coagulant and contaminants, as well as quantifying the rate at which 
precipitates settle.   
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Chapter 3  
Effective Removal of Silica and Sulfide from Oil Sands 
Thermal in-situ Produced Water by Electrocoagulation   
This chapter was published in the Journal of Hazardous Materials, Volume 380, Chow H., Pham 
ALT., Effective removal of silica and sulfide from oil sands thermal in-situ produced water by 
electrocoagulation, 120880, Copyright Elsevier (2019) 
3.1 Chapter Introduction  
In-situ thermal recovery technologies such as Steam-Assisted Gravity Drainage (SAGD) and 
Cyclic Steam Stimulation (CSS) are being increasingly used for the extraction of bitumen in oil 
sands deposits 176. These technologies involve the injection of steam into the subsurface to reduce 
the viscosity of dense bitumen. The oil and steam mixture migrates to the production well and is 
extracted to the surface. Subsequently, the thermal in-situ produced water (i.e., the water produced 
as a result of steam condensation) is separated from oil, treated and either recycled for steam 
production or disposed via deep ground injection. 
In-situ produced water is comprised of a complex mixture of bitumen residue, dissolved 
organic compounds, inorganic salts, and suspended solids 24. Among these constituents, dissolved 
silica, present at concentrations as high as 350 mg/L, is particularly problematic because its 
precipitation can lead to scaling of steam generators and clogging of disposal wells. Currently, 
dissolved silica is removed from the produced water by lime softening or evaporative treatment 24. 
However, these treatment technologies have high capital cost, are energy intensive and difficult to 
operate 25. Lime softening is also chemical intensive and generates large volume of sludge. 
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Therefore, novel cost-effective technologies that can effectively remove silica are needed to help 
the oil sands industry increase water recycling, reduce energy consumption and production cost, 
and reduce environmental impact. To this end, Canada’s Oil Sands Innovation Alliance (COSIA) 
has identified the development of innovative silica removal technologies as one of the industry’s 
priorities 24. In addition to silica, removing calcium, magnesium, and sulfide from in-situ produced 
water is also desirable because these solutes can cause scaling and corrosion of pipelines and steam 
generators 26,27. 
In this study, the treatment of in-situ produced water by electrocoagulation (EC) was explored 
for the first time. EC typically employs electric current to corrode iron or aluminum anodes to 
release Fe(II) (or Al(III)) ions into the solution7,94. These ions then react with solutes in the solution 
to form Fe-containing (or Al-containing) precipitates that can adsorb a wide variety of 
contaminants. such as arsenic, chromium, heavy metals, natural organic matter, and viruses 
1,3,61,109. Compared with other chemical and biological water treatment technologies, EC offers 
distinct advantages including no/minimal chemical addition, adjustable/controllable treatment 
rate, and reduced sludge generation6–8,177. 
Several studies have shown that EC can remove silica, sulfide, calcium, and magnesium 14,28–
31, raising the potential of this technology to treat in-situ produced water that contains these 
contaminants. However, these previous studies dealt with wastewater streams (e.g., municipal 
wastewater, hydraulic fracturing produced water, brackish water, or cooling tower blowdown 
water) that were less complex than in-situ produced water. These studies also often focused on the 
removal of only one specific contaminant (e.g., sulfide in wastewater, or silica from brackish water 
28,31. Whether EC can remove silica, sulfide, calcium or magnesium when these species coexist in 
a complex water matrix like in-situ produced water has not yet been investigated. 
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It is hypothesized that the complex composition of the in-situ produced water will greatly 
influence the performance of EC because the nature of the precipitates generated in EC and the 
adsorption of contaminants are controlled by the solution chemistry. For example, it has been 
shown that in oxygenated solutions the precipitates produced by Fe-EC were lepidocrocite or a 
mixture of lepidocrocite and ferrihydrite, whereas magnetite was produced in anoxic 91,96. In 
contrast, iron sulfide minerals (FeS) were produced when EC was applied to sulfide-containing 
waste streams 30,31. Because in-situ produced water contains up to a few hundred mg/L of sulfide, 
it is likely that the precipitates generated by Fe-EC treatment would be FeS. However, silica in the 
in-situ produced water may influence the formation of FeS because silica is known to inhibit the 
precipitation and crystallization of Fe-(hydr)oxides 103,128. Therefore, the nature of the precipitates 
formed during the treatment of in-situ produced water by EC, and whether these precipitates can 
effectively adsorb contaminants remain to be investigated. 
The objective of this study was to determine if EC can be used to remove silica and sulfide, 
as well as calcium and magnesium, from in-situ produced water. Understanding the complex 
chemical processes that take place in the EC/in-situ produced water system may lead to the 
development of a more efficient water treatment process for the oil sands industry. To gain insights 
into the contaminant removal mechanisms, solutions with increasing water chemistry complexity 
were employed, including 1) synthetic solutions containing only inorganic species (i.e., silica, 
calcium, magnesium, sulfide, and other inorganic ions); 2) synthetic solutions containing the 
inorganic species and model organic molecules with functional groups representing those of the 
organics in the in-situ produced water; and 3) authentic in-situ produced water that was collected 
from a heavy oil thermal in-situ facility. These solutions were treated by Fe-EC and Al-EC, 
employing different current and charge density values. The concentrations of the contaminants, 
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the potentials of the anode and cathode, and the consumption of power were monitored throughout 
the experiments. Additionally, to identify the nature of the precipitates, a series of characterization 
techniques such as X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Energy 
















3.2 Methods and Materials  
3.2.1 Materials  
All chemicals were of reagent grade and were used without further purification. All solutions 
were prepared using 18.2 MΩ·cm water (Millipore System). The electrodes used in the EC 
experiments were iron rods (d = 4.8 mm, 98%+ purity) and aluminum rods (d = 6 mm, 95.8% 
purity) obtained from Goodfellow and Metal Supermarkets. Testing solutions included synthetic 
produced water prepared in the laboratory, and authentic in situ produced water that was collected 
from a heavy oil thermal in situ facility in Alberta, Canada. The synthetic produced water was 
prepared daily by dissolving Na2SiO3.9H2O, NaHS.H2O, MgCl2.6H2O, CaCl2, Na2SO4, NaHCO3, 
and NaCl into water to achieve a working solution consisting of approximately 58 mg/L (as Si) 
dissolved silica, 110 mg/L (as H2S) sulfide, 65 mg/L Ca
2+, 20 mg/L Mg2+, 1700 mg/L HCO3
-, 1900 
mg/L Na+, 1945 mg/L Cl-, and 40 mg/L SO4
2-. The pH of the solution was adjusted to 7.6 – 7.8, 
which is a typical pH of in situ produced water. In some experiments, the solution also contained 
5 mM of either 1,3-propanedithiol, cysteine, or glutathione. These model organic compounds were 
chosen to represent the thiol, carboxylic acid, and amine functional groups of the dissolved organic 
compounds in the produced water. The pH of the solution was adjusted to 7.6 – 7.8. The 
composition of the authentic in-situ produced water sample is provided in the first column of 
Error! Reference source not found. of Chapter 2.  
3.2.2 Electrocoagulation Experiments  
Experiments were carried out at 22 ± 1 °C in a three-electrode batch cell consisting of 500 mL 
of reaction solution that was constantly stirred by a magnetic stir bar. The cell was covered with a 
lid which has three openings that held three electrodes (i.e., working, counter, and reference 
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electrodes), and two more openings for sample subsampling and ORP/pH measurements. The 
working and counter electrodes (i.e., anode and cathode, respectively) were iron rods (in the Fe-
EC experiment) or aluminum rods (in the Al-EC experiment), and were placed 1 cm apart. The 
electrodes were submerged to a depth of 4.8 cm, and therefore the surface area that was exposed 
to the solution was 6.15 cm2 ± 0.1 cm (Fe0 electrodes) and 9.3 cm2 ± 0.1 cm (Al0 electrodes). To 
measure the potential of the anode, a reference electrode (3 M NaCl Ag/AgCl, 0.209 V vs. SHE) 
was placed 0.25 cm apart from the anode. The cell was controlled by a VSP potentiostat (Bio-logic 
Science Instruments). A picture of the experimental setup is provided in the. A picture of the 
experimental setup is shown in Figure 3-1.  
 
Figure 3-1. Three-electrode electrochemical cell used for 500 mL batch EC experiments 
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Before each experiment Fe0 and Al0 electrodes were sonicated in water, polished using a 
sandpaper, and rinsed again with deionized water. Electrocoagulation experiments were conducted 
under galvanostatic mode (i.e., constant current), employing a current range of 0.05 – 0.8 A. At 
predetermined time intervals, 10 mL of solution was withdrawn from the reactor and was divided 
into two aliquots. The first aliquot was filtered through a 0.2-μm syringe filter, and dissolved silica, 
sulfide, Ca2+ and Mg2+ were analyzed in the filtrate. The second aliquot was digested with 37 wt. 
% HCl until all precipitates were dissolved. Subsequently, the digested sample was analyzed for 
total iron and iron(II). The anode potential and cell voltage, together with the solution pH and 
ORP, were monitored throughout the course of the experiment. The experiments with synthetic 
produced water were conducted in triplicate, whereas due to the limited amount of sample 
available the experiments with authentic produced water were conducted in duplicate. 
Contaminant concentration profiles were plotted against charge density q (C/L), which represents 
the electrical charge passed per liter of solution. Charge density is related to current (I) and 
electrolysis time (t) according to Equation 2. Therefore, q is proportional to the amount m of iron 
released into the solution  𝑚 =
𝐼×𝑡×𝑀
𝑧×𝐹
×ϕ, where M is the molecular weight of Fe, z is the number 
of electron involved in the anodic reaction, F is Faraday’s constant (96,485 Coulombs/eq), and ϕ 
is current efficiency (i.e., the fraction of the charge applied that leads to the oxidation of Fe).The 
performance of EC across the 0.05 – 0.8 A current range was evaluated by comparing the 
contaminant removal at similar q values (i.e., at similar amount m of iron released). Since longer 
electrolysis times t are required with lower I values in order to achieve a similar q, the electrolysis 
time spanned from 19.5 min (for experiments with I = 0.8 A) to 312 min (for experiments with 
I = 0.05 A). The continuous change in solution volume due to sample sub-sampling (i.e., 10 mL at 
each time point) was accounted for in all calculations. 
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3.2.3 Analytical Methods  
A Thermo Scientific Orion Ag/AgCl pH electrode and an Ag/AgCl VWR sympHony 
ORP/Redox probe were used to measure pH and ORP. Total dissolved iron and dissolved Fe(II) 
were measured using the 1,10-phenanthroline method 178. Dissolved silica was measured using the 
molybdosilicate method 179. Because the presence of sulfide affects the analysis, samples were 
acidified by HCl and sparged with N2 to remove all sulfide prior to addition of the (NH4)6MO7O24 
reagent. Sulfide was measured colormetrically using the Cline method180. Calcium and magnesium 
were analyzed on a Thermo Dionex Aquion Ion Chromatograph. An Inductively Coupled Plasma 
Optical Emission Spectrometer (ICP-OES) was employed to analyze for Si, Ca, Mg and Fe in a 
subset of samples. Prior to the ICP-OES analysis, samples were acidified and stored in a 3 wt. % 
HNO3 solution. 
Collection of precipitates for X-ray Diffraction (XRD) characterization involved filtering 
samples through a 0.22-µm pore size membrane. The materials deposited on the filter were 
scrapped out, smeared on a zero-background sample holder, and analyzed for crystal structure on 
a Rigaku Ultima IV X-ray diffractometer with Cu Kα radiation. The morphology, surface 
composition, and crystal structure of the precipitates were analyzed using a FEI Tecnai G2 F20 
transmission electron microscope (TEM) coupled with an Aztec energy dispersive X-ray 
spectrometer (EDS). Liquid samples containing precipitates were deposited on a TEM grid, blotted 
with a kimwipes paper, and allowed to dry at room temperature. Sample preparation for XRD and 





3.3 Results and Discussion  
3.3.1 Synthetic In-situ Produced Water (organic free) 
Both Fe-EC and Al-EC were able to remove dissolved silica, sulfide, calcium and magnesium 
from the synthetic in-situ produced water (Figure 3-2). The contaminant removal efficiency was 
dependent on the nature of the contaminant, the amount of charge passed through the reaction cell, 
and the type of anode employed (i.e., Fe vs. Al). At the end of the experiment (i.e., q = 2090 C/L), 
over 95% of silica and over 99% of sulfide were removed by Fe-EC, while only silica was 
effectively removed (∼99%) by Al-EC. The removal efficiencies of Ca2+ (80–85%) and Mg2+ (20–
25%) were comparable in both EC systems. The following discussion will focus on elucidating 
the electrochemical (i.e., anodic reactions) and chemical (i.e., precipitation and adsorption) 
processes taking place in the Fe-EC system. Subsequently, Al-EC will be briefly discussed and 
compared with Fe-EC.  
 
Figure 3-2. Removal of contaminants from synthetic produced water by Fe-EC (A) and Al-EC (B). 
I = 0.2 A (j =32.5 mA/cm2). 
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3.3.2 Anodic Reactions in Fe-EC 
When a current of I = 0.2 A (which corresponds to current density of j = 32.5 mA/cm2) was 
applied, the ohmic drop-compensated anodic potential varied between -0.45 and - 0.35 V vs. SHE 
(Figure 3-3). 
 
Figure 3-3. The potential of the Fe anode of the experiment presented in Figure 3-2 A. 
This potential range indicates that the predominant anodic reaction in the Fe-EC system was 
the oxidation of iron to Fe(II) (Eh = −0.44 V) 
181 . Consistent with this hypothesis, the amount of 
Fe(II) released from the anode were 90–95% of the theoretical amount (which was calculated by 
assuming that z = 2 in the Faradaic equation (Figure 3-4). Approximately 3% of the iron released 
from the anode was Fe(III). As such, the anodic reactions in our system could also include the 
oxidation of Fe0 and Fe(II) to Fe(III). However, the actual amount of Fe(III) formed from the 
anodic reactions could not be determined as some of the Fe(III) could have been reduced by HS− 
to Fe(II) 4:  




Figure 3-4. Measured amounts of total Fe and Fe(II), and the theoretical amount of total Fe 
predicted from Faraday’s law (z = 2, ϕ= 1) of the experiment presented in Figure 3-2 A. 
3.3.3 Removal of Sulfide and Formation of FeS 
Fe-EC was very effective at removing sulfide; at q = 750 C/L (corresponding to an iron dose 
of Fe/Sinitial = 1.17/1 mol/mol), over 99.9% of the initial sulfide was removed from the synthetic 
solution (Figure 3-2 A). Concurrent with sulfide removal was the formation of black-color 
precipitates whose morphology and SAED pattern suggest that they are poorly crystalline 
mackinawite (Figure 3-5 A and B). Therefore, the removal of sulfide was attributable to the 
reaction between Fe(II) and HS-, which produced FeS mineral 4. 




Figure 3-5. (A–C): TEM image and associated EDS spectrum and SAED pattern of the FeS 
precipitates formed in the Fe-EC experiments with synthetic produced water. (D–E): TEM images 
showing the formation of Fe-(hydr)oxides after all sulfide was removed. The hexagonal -shape 
precipitate in panel D was identified to be magnetite (Fe3O4). The precipitate in panel E did not 
have a well-defined SAED pattern. (F) TEM image showing the presence of elemental sulfur (S0) 
in the precipitate mixture. 
 




The nearly complete removal of sulfide at Fe/Sinitial = 1.17/1 is consistent with the stoichiometry 
of the above reaction. TEM analyses revealed that FeS was the only type of iron precipitate 
produced when q ≤ 750 C/L. At q > 750 C/L (i.e., once all sulfide had been removed), the presence 
of different phases of Fe-(hydr)oxide were observed, one of which was magnetite (Figure 3-5 D 
and Figure 3-6). However, most Fe-(hydr)oxide precipitates lacked a well-defined diffraction 
pattern (Figure 3-5 E and Figure 3-7). It is also noted that, unlike the nanocrystalline mackinawite 
generated in other studies when Fe(II) reacted with HS- 182–185, the FeS produced in our 
experiments also lacked well-defined XRD (Figure 3-8) and Debye-ring patterns (Figure 3-5 B). 
 
Figure 3-7. TEM image and EDS spectrum of precipitates suspected to be FeII-(hydr)oxides. These 
precipitates did not have SAED pattern. The Cu signal was from the TEM grid. 
The amorphous/poorly crystalline nature of the precipitates produced in our study was 
attributable to the presence of small amount of oxygen in the solution (< 0.5 mg/L) 186, and the 
presence of silica, a solute known to inhibit the formation, growth, and crystallization of iron 
minerals 103,128. Because more than 97% of the iron in the precipitates were Fe(II) (Figure 3-4), the 
Fe-(hydr)oxides must be FeII-(hydr)oxides (e.g., green rust type of minerals). Throughout the 
course of the experiment, the solution remained hypoxic (DO < 0.5 mg/L, ORP < -200 mV, (Figure 




Figure 3-8. XRD pattern of the precipitates produced during the treatment of synthetic solution by 
Fe-EC. 
 
Figure 3-9. pH and ORP of the solution in the experiment presented in Figure 3-2 A.  
Also present among the precipitates was elemental sulfur, S0 (Figure 3-5 F and Figure 3-10). 




  Anodic oxidation:   HS- → S0 + 2e- + H+ (Eh = -0.23 V)  (3) 
  Bulk solution reaction:  Fe(III) + 2HS- → FeS + S0 + 2H+  (4) 
 
Figure 3-10. TEM image and EDS spectrum of elemental sulfur S0 produced during the treatment 
of synthetic solution by Fe-EC. The Cu signal was from the TEM grid. 
3.3.4 Removal of Silica, Calcium, and Magnesium 
The concentration of dissolved silica in the synthetic solution gradually decreased as charge 
was passed through the electrochemical cell (Figure 3-5 A). Approximately 65% and 95% of the 
initial silica was removed when q = 750 C/L (i.e., when FeS was the predominant solid phase) and 
q = 2090 C/L (i.e., when both FeS and Fe-(hydr)oxides were present), respectively. The removal 
of silica was attributable to the sorption onto FeS at the initial stage, and onto both FeS and Fe-
(hydr)oxides at the later stage. Whereas adsorption of silica onto Fe-(hydr)oxides has been well-
studied 127,188–191, reports of adsorption of silica onto FeS have not been seen. It is noted that the 
removal of silica via other mechanisms cannot be excluded. For example, because the EDS 
spectrum of the FeS precipitates (Figure 3-5 C) consisted of Si, Fe, and Ca peaks, it could be 
possible that silica was removed via the precipitation of silicate minerals (e.g., Ca2SiO4 or 
Fe2SiO4). The detailed mechanisms through which silica is removed and factors affecting these 
processes (e.g., solution pH, initial concentration of sulfide) merit further investigation. 
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Fe-EC was also effective at removing calcium from the synthetic produced water as the 
concentration of calcium decreased by over 85% when q = 2090 C/L (Figure 3-2 A). In contrast, 
only less than 25% of the initial magnesium was removed (Figure 3-2 A). The removal of calcium 
and magnesium was most likely due to the formation of sparingly soluble minerals such as CaCO3, 
CaMg(CO3)2, MgCO3, Mg(OH)2, and others (e.g., silicate minerals). During the experiment, the 
solution pH increased from 7.7 to 8.9 (Figure 3-9). At pH 8.9, speciation calculations predicted 
that over 99% magnesium existed as dolomite, and over 98% calcium existed as dolomite and 
calcite (Figure 3-11).  
 
Figure 3-11. Speciation calculations, performed on MINEQL+, predicted that dolomite and 
calcite were the predominant Ca and Mg species at pH 8.9. 
However, dolomite does not form at ambient temperature 192–194. When dolomite was excluded 
from the calculation, the equilibrium model predicted that 85% magnesium existed as magnesite, 




Figure 3-12. When dolomite was excluded from the equilibrium model, MINEQL+ predicted that 
magnesite and calcite were the predominant Ca and Mg species at pH 8.9. 
As with dolomite, magnesite does not form at ambient temperature 193,194. When both dolomite 
and magnesite was excluded from the equilibrium calculation, the model predicted that 100% 
magnesium existed as soluble species. 
It is noted that the pH reported in this study is the pH of the bulk solution. However, lower 
and higher pH regions could have been developed in the vicinity of the anode and cathode, 
respectively. The rates of calcium and magnesium precipitation in these regions could be 
significantly different from those in the bulk solution 195–197. For example, brucite (Mg(OH)2), 
which precipitates at pH values greater than 10, could have been formed in the alkaline pH regions 
in the vicinity of the cathode 197. While the mechanism through which magnesium was removed 
was not entirely clear, the relatively poor removal of magnesium compared with the removal of 
calcium may have been due to the slower rates of formation of magnesium minerals than that of 
calcium minerals.   
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3.3.5 Effect of Current Density on Contaminant Removal and Energy Consumption 
In EC, whereas coagulant dose is determined by q, coagulant dosing rate (i.e., the rate at 
which the coagulant is introduced into the solution) is controlled by the electrolysis current I; that 
is, higher currents result in higher fluxes of Fe(II). Previous studies have reported that with the 
same charge density, better contaminant removal can be achieved at lower I 20,91. This is because 
of the higher faradaic efficiency ϕ at lower I and/or the increased contact time between coagulant 
and contaminants due to longer electrolysis time.   
The removal of sulfide, dissolved silica, calcium and magnesium at I = 0.05 – 0.8 A (i = 8.13 
– 130 mA/cm2) was investigated and compared. The results showed that while contaminant 
removals were dependent on the iron dose (i.e., better removal of Si, calcium and magnesium at q 
= 2090 C/L than at q = 750 C/L), they were not appreciably affected by j (Figure 3-13 A and B).  
 
Figure 3-13. Comparison of contaminant removal at different current densities (j = 8.13–
130 mA/cm2) and charge densities (q = 750 C/L and 2090 C/L, which correspond to iron doses of 




At q = 2090 C/L, despite the significantly different electrolysis times (t = 19.5, 78, 156, and 
312 min with j = 8.13, 32.5, 65.0, and 130 mA/cm2, respectively), a similar removal of silica, 
calcium, and magnesium was achieved in all cases. This observation suggests that the adsorption 
and/or precipitation of the contaminants took place relatively quickly. The slightly better removal 
of magnesium at j = 8.13 mA/cm2 could be due to the longer electrolysis time, which allowed for 
the formation of the slower-forming magnesium minerals.   
The electrolysis current (I) strongly influenced the energy required during the treatment. For 
the same silica removal percentage, the cumulative energy consumption, P=(U×I×t)/V (kWh/m3, 
with U being the cell voltage), increased as I increased (Figure 3-14). The higher energy demand 
was the result of the higher cell voltage U (Figure 3-15), which was caused by increased 




Figure 3-14.Cumulative energy consumption with increasing silica removal at different current 
densities (i = 8.13–130 mA/cm2). 
 
Figure 3-15. Cell voltage profiles in the experiments with synthetic produced water. I = 0.05 – 0.8 
A (j = 8.13 – 130 mA/cm2). Experiments were conducted in triplicate, and the average values along 
with one standard deviation are presented. 
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3.3.6 Comparison of Fe-EC with Al-EC 
As noted above, the most prominent difference between Fe-EC and Al-EC was that Al-EC 
was much less effective at removing sulfide (Figure 3-2). In Fe-EC, sulfide was removed via 
reactions with Fe(II) and Fe(III). Because Al(III) ions do not react with sulfide, the removal in Al-
EC was most likely due to (1) the stripping of H2S, which was accelerated by the generation of gas 
bubbles at the electrodes; and (2) the electrochemical oxidation of sulfide on the anode. (As in the 
Fe-EC experiment, the presence of S0 among the precipitates formed in Al-EC was observed 
(Figure 3-16). At similar charge density values, the removals of silica, Ca2+ and Mg2+ by Fe-EC 
and Al-were comparable (Figure 3-2B), with the removal of Mg2+ by Al-EC (50%) being slightly 
better than by Fe-EC (20%). The removal of these contaminant was attributable to adsorption onto 
Al(OH)3 and precipitation of carbonate or hydroxide minerals (Figure 3-17). However, considering 
that Fe-EC was significantly more effective at removing sulfide, and that iron anodes are less 
expensive than aluminum anodes, Fe-EC appears to be a better choice than Al-EC. 
 
Figure 3-16. TEM image and EDS spectrum of elemental sulfur S0 produced during the treatment 




Figure 3-17. TEM image and EDS spectrum of the precipitates produced in Al-EC experiments 
3.3.7 Treatment of Authentic In-situ thermal Produced Water by Electrocoagulation  
In addition to the inorganic solutes, in situ produced water consists of organic components 
including oil, grease, and dissolved organic carbon (TOC 200 – 600 mg/L) 24. The presence of 
these components could affect the formation of iron precipitates, and the adsorption/precipitation 
of contaminants of interest.  
The utility of Fe-EC was further examined in a series of experiments that employed an 
authentic in-situ produced water sample, and key observations were as follows. Firstly, the Fe-EC 
treatment was able to remove sulfide from the produced water. Although it was not possible to 
quantify the concentration of sulfide in the solution as the presence of organic reduced sulfurs 
interfered with the Cline method, the removal of sulfide was evidenced by the formation of FeS 




Figure 3-18. TEM image and EDS spectrum of the precipitates produced in the experiment with 
authentic in situ produced water. 
FeS in fact was the predominant precipitate at all q values employed because iron 
(hydr)oxides were not observed by TEM. Secondly, as in the synthetic produced water 
experiments, an excellent removal of silica was achieved. Treatment with a charge density of q = 
750 C/L reduced silica concentration by over 60% (Figure 3-19), producing a treated solution 
containing less than 25 mg/L Si (i.e., the desirable concentration specified by the oil sands 





Figure 3-19. Contaminant concentration profiles in the Fe-EC experiment (I = 0.2 A) with the 
authentic in-situ produced water. Experiments were conducted in duplicate, and the average 
values along with the range are presented. The increase in the concentrations of Ca2+ and Mg2+ 
at the beginning could be due to the presence of high amount of oil and grease in the untreated 
sample (i.e., corresponding to charge density q = 0 C/L) which interfered with the analysis. The 
oil and grease components were quickly separated (by foaming) after electric current was passed 
through the solution, and therefore the subsequent analyses are likely more reliable. 
The energy required to achieve this removal level at I = 0.2 A was estimated at approximately 
1.1 kWh/m3 (Figure 3-20). At this rate, EC's energy demand is over 10 times less that of the 
evaporative treatment technology, which typically consumes 10 – 15 kWh/m3. It is noted that the 
energy demand by EC will vary depending on the reactor configuration (e.g., electrode shape, the 
distance between electrodes, flow condition) and operational parameters (e.g., current density, 
retention time), further research is needed to optimize the treatment of produced water by EC and 




Figure 3-20. Cumulative energy consumption with increasing silica removal at I = 0.2 A in the 
Fe-EC/authentic produced water system. Experiments were conducted in triplicate, and the 
average values along with one standard deviation are presented. 
Thirdly, both Ca2+ and Mg2+ were not appreciably removed (Figure 3-19). This was 
attributable to the complexation of Ca2+ by dissolved organic compounds, which inhibited the 
precipitation of Ca minerals. This hypothesis was supported by an experiment with synthetic water 
samples that also contained 5 mM of either 1,3-propanedithiol, cysteine, or glutathione. The results 
of this experiment (Figure 3-21) showed that the presence of each of these organic compounds 




Figure 3-21. Removal of Mg2+ and Ca2+ from the synthetic solutions that contained 5 mM of either 
glutathione, cysteine, or 1,3-propanedithiol. Experiments were conducted in triplicate, and the 




In addition to inhibiting Ca2+ removal, it was observed that the organic components 
influenced the precipitate dynamics. In particular, the precipitates settled much more slowly in the 
produced water experiments than in the organic-free synthetic water experiments. The precipitates 
produced in the presence of 1,3-propanedithiol, cysteine, or glutathione also settled at slower rates. 
This is likely due to the sorption of organic compounds onto the precipitates, which slowed the 
rate at which the precipitates aggregated into larger flocs. Notably, solution foaming was a 
common phenomenon in the experiments with the authentic produced water. This was attributable 
to the foaming of oil and grease caused by the evolution of gas bubbles generated at the electrodes. 
Foaming often led to incomplete mixing of the solution and, in extreme cases, resulted in 
precipitate flotation (Figure 3-22). While foaming could present significant operational challenges, 
flotation could help separate the precipitates from the treated water (a process commonly referred 
to as electrochemical flotation 198. Future research investigating the dynamics of the precipitates 
in the solution may help determine the most appropriate technology for separating the precipitates 
from the treated water.  
 




3.4 Chapter Conclusions  
This research explored the treatment of oil sands in-situ produced water by 
electrocoagulation, focusing particularly on the removal of silica, sulfide, calcium and magnesium. 
Major findings and their implications are summarized below: 
• Both Fe-EC and Al-EC were effective at removing silica, which was the contaminant of 
primary concern, from the synthetic and authentic produced water. The added benefit of 
Fe-EC was that it could also effectively remove sulfide. Therefore, Fe-EC seems to be a 
better choice than Al-EC, especially considering that iron anodes are less expensive than 
aluminum ones. 
• Compared with the two popular silica removal technologies in the oil sands industry, 
namely warm/hot lime softening and evaporative treatment, Fe-EC consumed less energy 
than evaporative treatment, and is particularly superior to warm/hot lime-softening because 
of its ability to remove sulfide. Future research investigating how factors such as reactor 
configuration and operating parameters influence energy demand will help optimize Fe-
EC and reduce treatment cost. 
• While silica is the primary scalant of concern, removal of Ca2+ and Mg2+ is also desirable. 
Both Ca2+ and Mg2+ were poorly removed from the authentic produced water, so additional 
research is needed to improve their removal. 
• Additional research is also needed to evaluate other issues including fouling of the 
electrodes, methods of separating precipitates from the treated water, and disposing and 
managing of the FeS sludge generated from the treatment. 
• In Fe-EC, silica was removed by adsorption onto FeS, a phenomenon reported here for the 
first time. Future research is needed to investigate the mechanisms of adsorption (e.g., 
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surface complexation or electrostatic interaction) as well as adsorption kinetics and 
isotherm. This further understanding is not only relevant to the Fe-EC/produced water 
system, but it may also help elucidate geochemical processes in the environments where 
dissolved Fe(II), sulfide, and silica coexist (e.g., anoxic sediments, hydrothermal vents). 
It is important to note that the experiments were conducted in batch reactors, which did not 
allow for studying the effect of changes in water chemistry or flow conditions on contaminant 
removal. Understanding these factors will be essential for the scale up of EC for the treatment 
of authentic produced water. In addition, some of the calculation presented in this study 














Chapter 4  
Mitigating Electrode Fouling in Electrocoagulation by 
Means of Polarity Reversal: The Effects of Electrode Type, 
Current Density, and Polarity Reversal Frequency  
This chapter was published in Water Research, Volume 197, Chow H., Pham ALT., Mitigating 
Electrode Fouling in Electrocoagulation by Means of Polarity Reversal: The Effects of Electrode 
Type, Current Density, and Polarity Reversal Frequency, 117074, Copyright Elsevier (2021) 
4.1 Chapter Introduction  
In recent years, electrocoagulation (EC) has become increasingly popular as a means of 
treating contaminated water streams 3,5,60,71. EC involves the application of electric current to 
sacrificial iron a other contaminants in municipal and industrial wastewaters. 
Anodic reactions:  Fe → Fe(II) + 2e-     (1) 
Al → Al(III) + 3e-     (2) 
Cathodic reactions:  O2 + 4e
- + 2 H2O → 4OH
-    (3) 
2H2O + 2e
- 
→ H2(g) + 2OH
-    (4) 
A major problem in EC is the build-up of solid materials on the electrode surface, a 
phenomenon that is often referred to by different terms such as passivation, fouling, or scaling 
(and will be collectively referred to as fouling going forward)8,12. While the mechanism and rate 
of fouling formation vary depending on factors such as electrode type, solution chemistry, and 
operating parameters (e.g., current density)17,133, the primary reactions that are involved in 
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electrode fouling include 1) the precipitation of iron (hydr)oxides on the anode (reaction 5) 2), 2) 
the precipitation of aluminum hydroxides on both the anode and cathode (reaction 6)115, and 3) the 
precipitation of Ca and Mg-containing minerals on the cathode (reactions 7, 8, and 9)129,130,199 
where the pH can be highly basic due to the electrochemical production of OH- via reactions 3 and 
4 2,118,200.  
4Fe(II) + O2 + 10H2O → 4Fe(OH)3(s) + 8H
+  (5) 
Al(III) + 3H2O → Al(OH)3 + 3 H
+    (6) 
Ca2+ + CO3
2− 
→ CaCO3(s)     (7) 
(1-x) Ca2+ + x Mg2+ + CO3
2- →Ca1-xMgxCO3(s)  (8) 
Mg2+ + 2OH− → Mg(OH)2(s)    (9) 
The fouling of the electrodes over time can result in various operating issues, such as 
decreased coagulant production, increased ohmic resistance and overpotential, increased energy 
consumption, decreased effective volume of the reactor due to the shrinkage of the gap between 
the electrodes, and reduced contaminant removal efficiency6,19–23.  
Several approaches have been proposed to deal with electrode fouling, including cleaning the 
electrodes mechanically or chemically2,19,22, adding Cl- to promote pitting corrosion and prevent 
passivation17,23,137,138, applying ultrasound to breakdown and dislodge the fouling 
layers143,145,147,149, and operating EC with alternating pulsed current (APC, also often referred to as 
polarity reversal, or PR)9,17,68,74,84,153,167,201 or sinusoidal alternating current (AC)97,158,165, such that 
the fouling layers can be dislodged/dissolved by chemical/electrochemical reactions that take place 
when the current direction is switched. Of these approaches, PR-EC and AC-EC have gained 
significant interests due to their ability to remove fouling layers “in situ”, that is, the removal takes 
place concurrent with the production of coagulants. As the current direction is switched and the 
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cathode becomes the anode and vice versa, the corrosion reactions (reactions 1 and 2) will take 
place at the electrode that served as the cathode in the previous current cycle, thereby displacing 
Ca- and Mg-containing precipitates. The dissolution of Ca- and Mg-containing precipitates can 
also be accelerated by the acidic pH environment developed around the anode as a result of the 
hydrolysis of iron and aluminum ions (reactions 5 and 6). At the cathode (which served as the 
anode in the previous current cycle), the evolution of H2 gas bubbles (produced from reaction 4) 
can scour loosely-bound Fe(OH)3(s) and Al(OH)3(s) precipitates 
9. PR-EC and AC-EC are 
particularly attractive because in addition to their ability to remove fouling layers in situ, these 
methods do not require chemical addition, special infrastructure (other than a current switch), or 
reactor shutdown. 
To address the research needs outlined in the background section of this document, the ability 
of PR-EC to mitigate electrode fouling was investigated in this study. By employing a similar test 
solution across all experiments, coupled with analyzing cell voltage, anode potential, coagulant 
production, and SEM images of the electrode surface, new insights have been gained about how 
current density and reversal frequency (f) influence the performance of Fe-EC and Al-EC. As will 
be discussed in detail later in this paper, it was determined that PR-EC was not effective at 
preventing the fouling of iron electrodes by Ca- and Mg-containing precipitates under all 
experimental conditions. This observation motivated us to explore new EC configurations, one of 
which consisted of an iron (or aluminum) anode and a Ti-IrO2 cathode (i.e., Fe/Ti-IrO2 EC and 
Al/Ti-IrO2 EC). Ti-based mixed metal oxide electrodes are frequently used in water treatment 
applications. It has been suggested that the fouling of these electrodes by Ca and Mg-containing 
precipitates could be mitigated by polarity reversal because the evolution of O2 gas (produced due 
to the electrochemical oxidation of H2O) can dislodge these precipitates 
202. Therefore, it is 
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hypothesized that operating Fe/Ti-IrO2 EC and Al/Ti-IrO2 EC in the DC mode with a periodic 
switching of the current direction could be an effective way to mitigate electrode fouling by Ca- 
and Mg-containing precipitates. This hypothesis was tested by conducting such an experiment to 
compare electrode fouling, coagulant production, and energy consumption in the Fe/Ti-IrO2 and 














4.2 Materials and Methods  
4.2.1 Materials  
All chemicals were of reagent grade and were used without further purification. The 
electrodes were cylindrical rods (d = 40 mm) of iron (Goodfellow, 98% purity), aluminum (Metal 
Supermarkets, 95.8% purity), and Ti-IrO2 (Magneto Special Anodes). Before each experiment, the 
iron and aluminum electrodes were sonicated in 1 M HCl and rinsed with deionized water. The 
reaction solution was a synthetic groundwater formulation consisting of 12.6 mg/L dissolved silica 
(as Si), 110 mg/L Ca2+, 14 mg/L Mg2+, 430 mg/L HCO3
-, 305 mg/L Na+, 68 mg/L Cl-, 220 mg/L 
SO4
2-, 5.3 mg/L NO3
- (as N), and 0.25 mg/L phosphate as P 3. This formulation was chosen because 
1) it contains a high concentration of hardness (333.3 mg/L as CaCO3), allowing us to study the 
fouling of the electrodes by Ca- and Mg-containing precipitates in a practical timescale, and 2) the 
treatment of groundwater by EC is a topic of interest to researchers investigating the removal of 
arsenic1,62,64,65,203. The synthetic groundwater was prepared by dissolving Na2SiO3.9H2O, 
MgCl2.6H2O, CaCl2, Na2SO4, NaHCO3, NaNO3, and NaH2PO4 into 18.2 MΩ·cm water (Millipore 
System). At elevated pH, Ca2+ and Mg2+ can react with HCO3
- and OH- to form precipitates. To 
minimize such precipitation, pH was adjusted to 7.4 – 7.5 prior to the addition of MgCl2.6H2O and 
CaCl2, and the solution was immediately used. Within the timeframe of our experiments, no 
precipitation was observed in the feed solution.  
4.2.2 Experimental Setup 
EC experiments were carried out at 22 ± 1ºC in a three-electrode flow-through reactor                        
(V = 200 mL). The synthetic groundwater (SGW) was circulated single-pass through the reactor 
at a rate of 10 mL/min by a peristaltic pump, while the volume within the reactor was stirred 
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continuously by a magnetic stir bar. The reactor was covered with a lid with three openings that 
held the working, counter, and reference electrodes (Figure 4-1).  
 
Figure 4-1. Three-electrode electrochemical cell used for flow through EC experiments. 
The working and counter electrodes were either iron rods (in the Fe-EC experiments), 
aluminum rods (in the Al-EC experiments), or an iron or aluminum rod coupled with a Ti-IrO2 
rod. These electrodes were placed 2 cm apart and were submerged into the solution so that the 
surface area exposed to the solution was 7.6 ± 0.1 cm2. In addition, a reference electrode (3 M 
NaCl Ag/AgCl, 0.209 V versus SHE) was placed 0.25 cm from one of the other two electrodes. 
The electrochemical cell was controlled by a VSP potentiostat (Bio-logic Science Instruments), 
which monitored current (I), cell voltage (U), and anode potential Eanode. 
DC-EC and PR-EC experiments were conducted under galvanostatic mode, employing a 
current value of either I = 8, 50, or 100 mA (i.e., a current density of j = 1, 6.5 or 13 mA/cm2). In 
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the PR-EC experiments, the current direction was switched periodically at a f of either 0.5 or 10 
minutes. A preliminary experiment operated in the DC mode revealed that the cathode, regardless 
of whether Fe, Al, or Ti-IrO2 was used, was entirely covered with Ca- and Mg-containing 
precipitates within the first few hours. As such, all experiments were terminated at t = 6 hours. 
Subsequently, the surface morphology of the electrodes was analyzed using an FEI Quanta Feg 
250 Environmental Scanning Electron Microscope (ESEM) coupled with an Inca Energy 
Dispersive X-ray Spectrometer (EDX). In addition, the precipitates formed on the surface of the 
electrodes were scraped off and subjected to X-ray diffraction (XRD) analysis. To determine the 
amount of coagulant released, an aliquot of the reaction solution was digested with a solution of  
3 wt. % HNO3 and 3 wt. % HCl, and analyzed for aluminum and iron by inductively coupled 
plasma - optical emission spectroscopy (ICP-OES). The Faradaic efficiency () was calculated 
using the following formula:  =
𝑚×𝑧×𝐹
𝐼×𝑡×𝑀
  where m is the mass of iron or aluminum released into 
the solution, z is the number of electrons involved in the anodic reaction (z = 2 for Fe, 3 for Al), F 
is the Faraday’s constant (96,485 Coulombs/eq), M is the molecular weight (56 for Fe, 27 for Al) 
and t is the retention time (20 mins).  
The pH of the reaction solution throughout each Fe-EC experiment was 7.5 ± 0.2. In contrast, 
in all Al-EC experiments the solution pH gradually increased and reached 8 – 8.2 by the end of 
each experiment. Although the concentration of dissolved oxygen (DO) in the reactor was not 
monitored, it is expected that the reaction solution always contained some DO because the feed 
solution (which was saturated with DO) was continuously flown through the reactor. Also, the 
reactor was opened to the atmosphere. All experiments were conducted in duplicate and average 




4.3 Results  
4.3.1 Fe-EC 
In the experiments operated in the DC mode (i = 13 mA/cm2), the anode surface quickly 
turned brown-yellow, a color indicative of Fe(III)(hydr)oxides. Meanwhile, a coarse layer of 
white-colored precipitates built up on the cathode (Figure 4-2 A). Further inspection of the cathode 
by SEM-EDX revealed that the white-colored precipitates were rhombohedral-shaped crystals that 
contained Ca and Mg (Figure 4-2B and Figure 4-3 A). While the XRD spectrum of these crystals 
(Figure 4-4 A) matches that of pure calcite (CaCO3), their shape and elemental content suggest 
that they are a magnesian calcite phase (Ca1-xMgxCO3) 
204.  
 
Figure 4-2. Photos and SEM images of Fe electrodes taken at t = 6 h. EC experiments were 
conducted in the galvanostatic mode (i = 13 mA/cm2) with direct current (A and B), or current 
with reversal frequencies of f = 10 min (C and D) and f = 0.5 min (E and F). Note that in the 





Figure 4-3. EDX spectrum of the surface of the of (A-C) Fe and (D-F) Al cathode or electrodes 
taken at t = 6 h. EC experiments were conducted in the galvanostatic mode (i = 13 mA/cm2) with 
direct current (A and D), or current with reversal frequencies of f = 10 min (B and E) and f = 0.5 







Figure 4-4. XRD spectrum of the fouling layer on the surface of the cathode in DC and electrodes 
in PR in (A) Fe-EC operated in DC mode (B) Fe-EC operated in PR mode with f = 0.5 min (C) Al-
EC operated in DC mode (D) Al-EC operated in PR mode with f = 0.5 min. 
Although by the end of the experiment the cathode surface was completely covered with these 
Ca1-xMgxCO3 minerals, the cell voltage U remained constant at ~7.6 V (Figure 4-5 A). The ohmic 
drop-compensated anode potential, Eanode = -0.4 V, also did not vary to any appreciable extent 
throughout the entire course of the experiment (Figure 4-6 A). The Faradaic efficiency   was 1 ± 
0.01 (Table 4-1), indicating that the predominant anodic reaction was the corrosion of iron 
(reaction 1), and that all iron ions released from the anode migrated into the bulk solution. When 
a current density of j = 6.5 mA/cm2 was employed,  was comparable to that in the j = 13 mA/cm2 
experiment. In contrast,  in the j = 1 mA/cm2 experiment was 20 – 30% lower (Table 4-1). Müller 
et al 22 also observed a similar trend, that is  ( − ) in a Fe-EC experiment with j = 0.8 
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mA/cm2 was lower than those ( > 0.9) operated at higher j values. They attributed this low  to 
the accumulation of Fe(II) on the anode, which was the result of the diminished flux of Fe(II) ions 
released from the anode at low j. It is suspected that for this same reason  in our j = 1 mA/cm2 
experiment was lower than those in the other experiments.  
 
Figure 4-5. Cell voltage U (A), and time profiles of anodic potential Eanode within each reversal 
cycle in PR-EC with f = 10 min (B), and f = 0.5 min (C). Electrodes were Fe, and j = 13 mA/cm2. 
 
 
Figure 4-6. Cell voltage U (B C, and F)), and anodic Eanode (A, D, and G) potential over the 6-
hour experiments in DC (A and B), PR-EC with f = 10 min (D and C)), and f = 0.5 min (E and F). 





Table 4-1. Faradaic efficiency in the Fe-EC experiments 
 
 
The evolutions of the electrode fouling layers, U, Eanode, and  in PR-EC were drastically 
different from those in DC-EC, and were dependent on the PR f. When f = 10 min and i = 13 
mA/cm2, U decreased from 7.6 V to 7.4 V within the first 20 minutes and remained at this value 
until the end of the experiment (Figure 4-5 A). At t = 6 h, both electrodes were entirely covered 
with rhombohedral Ca1-xMgxCO3 crystals (Figure 4-2 C and D). When f = 0.5 min, U steadily 
increased throughout the experiment from 7.2 V to 8.0 V (Figure 4-5 A), and the electrodes were 
covered with very small cubic minerals that were sparsely dispersed within fluffy iron (hydr)oxide 
flocs (Figure 4-2 E and F). The EDX spectrum reveals that the fouling layer also contained Si, 
while the presence of Mg was not detected (Figure 4-3 C). The cubic shape of the Ca-containing 
precipitates suggests that they are calcite (CaCO3). 
In the PR-EC experiments, I dipped whenever the current direction was switched, but 
subsequently restored to the pre-set value within less than 2 s (Figure 4-7). In contrast, a more 
complicated change was observed with the anodic potential Eanode. (Note that there was no 
dedicated anode or cathode in PR-EC, since the current direction was constantly changing; 
therefore, Eanode herein refers to the potential of electrode A (Figure 4-1) measured whenever this 
electrode served as the anode in the cell). In the f = 10 min experiment, Eanode measured at t = 5 
min increased and peaked at -0.31 V, before decreasing to a steady state value of -0.37 V (the solid 




3 hr 6 hr 3 hr 6 hr 3 hr 6 hr 
DC  0.70± 0.01 0.78 ± 0.00 1.02 ± 0.06 0.92 ± 0.01 1.00 ± 0.01 1.02 ± 0.01 
f = 10 min  0.46 ± 0.02 0.50 ± 0.06 0.86 ± 0.00 0.86 ± 0.06 0.83 ± 0.04 0.81 ± 0.04 
f = 0.5 min  0.13 ± 0.00 0.11 ± 0.00 0.12 ± 0.01 0.06 ± 0.01 0.24 ± 0.01 0.07 ± 0.01 
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line in Figure 4-5 B). As the experiment progressed, the Eanode peak value and the time required 
for it to reach steady state gradually increased. Toward the end of the experiment, Eanode peaked at 
-0.02 V and decreased to a steady state value of -0.42 V only after 90 s (the dotted line Figure 4-5 
B). In the f = 0.5 min experiment, Eanode increased over time, ranging from -0.95 V to -0.57 V early 
on in the experiment (the solid line in Figure 4-5 C), and from -1.12 V to -0.01 V at the end of the 
experiment (the dotted line in Figure 4-5 C).  in the PR-EC experiments were lower than those 
of DC-EC, with  = 0.5 – 0.86 and  = 0.06 – 0.24 in the f = 10 min and f = 0.5 min experiments, 
respectively (Table 4-1). Under f = 0.5 min,  decreased by as much as 3 folds as the experiment 
progressed (compare  at t = 3 h versus at t = 6 h).  
 
Figure 4-7. Current profiles in Al-EC and Fe-EC with current reversal frequencies of f = (A) 10 





A significant build-up of precipitates on both electrodes was observed in the Al-EC system 
operated in the DC mode. By the end of the experiment, the anode was covered with fluffy 
aluminum hydroxide precipitates (Figure 4-8 A). Meanwhile, the cathode was covered with both   
Ca1-xMgxCO3 and aluminum hydroxides (Figure 4-8 B). Throughout the course of the experiment, 
U steadily increased from 8.1 V to 9.8 V (Figure 4-9 A).  Eanode also increased steadily over time 
from -1.75 V to -0.26 V (Figure 4-10 A), indicating that the fouling layer on the anode was 
responsible for the increase in the cell voltage. The Faradaic efficiency  was  = 1.61 – 1.74 when 
j = 13 mA/cm2, 1.83 – 1.92 when j = 6.5 mA/cm2, and 1.19 – 1.69 when j = 1 mA/cm2 (Table 4-
2). 
 
Figure 4-8. Photos and SEM images of Al electrodes taken at t = 6 h. EC experiments were 
conducted in the galvanostatic mode (i = 13 mA/cm2) with direct current (A and B), or current 
with reversal frequencies of f = 10 min (C and D) and f = 0.5 min (E and F). Note that in the 
polarity reversal modes there is no designated cathode or anode. 
A super Faradaic efficiency (i.e.,   ) is typical of Al-EC,  owing to the combined 
electrochemical and chemical dissolution of aluminum107,114,115,166. 
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Table 4-2. Faradaic efficiency in the Al-EC experiments  
 
 
Figure 4-9. Cell voltage U (A), and time profiles of anodic potential Eanode within each reversal 
cycle in PR-EC with f = 10 min (B), and f = 0.5 min (C). Electrodes were Al, and j = 13 mA/cm2. 
 
 
Figure 4-10. Cell voltage U (B C, and F)), and anodic Eanode (A, D, and G) potential over the 6-
hour experiments in DC (A and B), PR-EC with f = 10 min (D and C)), and f = 0.5 min (E and F). 
Electrodes were Al, and j = 13 mA/cm2. 
 
 i = 1 mA/cm2 i = 6.5 mA/cm2 i = 13 mA/cm2 
Operating 
Condition 
3 hr 6 hr 3 hr 6 hr 3 hr 6 hr 
DC 1.19 ± 0.06 1.69 ± 0.21 1.92 ± 0.01 1.83 ± 0.22 1.74 ± 0.10 1.61 ± 0.03 
f = 10 min 1.17 ± 0.17 1.25 ± 0.02 1.75 ± 0.04 1.76 ± 0.06 2.09 ± 0.06 2.13 ± 0.04 
f = 0.5 min 0.57 ± 0.00 0.54 ± 0.00 0.67 ± 0.02 0.67 ± 0.10 1.33 ± 0.10 1.40 ± 0.01 
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The fouling of the aluminum electrodes substantially decreased in the PR system operated at 
f = 10 min (Figure 4-8 C). The EDX spectrum reveals the presence of Ca and Mg on the electrode 
surface (Figure 4-3 E). As such, although not seen in the SEM image (Figure 4-8 D), Ca and Mg-
containing precipitates are speculated to be present and must have been enmeshed within the 
aluminum hydroxide flocs. As seen in Figure 4-9 A, U initially decreased from 8.3 V to 7.9 V, 
before increasing to 8.5 V by the end of the experiment. Within each PR cycle, Eanode rapidly 
reached a steady state value of -1.5 V early on in the experiment (the solid line in Figure 4-9 B). 
As the experiment progressed, the time required for Eanode to reach a steady state value gradually 
increased. At t = 6 h, Eanode peaked at -0.89 V, and reached a steady state value of -1.3 V after 300 
s (the dotted line in Figure 4-9 B).  
 
Figure 4-11. Pitting of the aluminum electrodes surfaces with current reversal frequencies of f = 
(A) 10 min and (B) 0.5 min. 
Unlike in the DC and PR f = 10 min experiments, large holes were seen to have formed on 
both electrodes in the f = 0.5 min experiment (Figure 4-11 B), suggesting that pitting corrosion 
could be an important mechanism of aluminum dissolution in this case. Also, the surface within 
each hole was covered with very small spindle and cubic minerals that consisted of Ca, C, and O 
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(Figure 4-8 F, Figure 4-3 F, and Figure 4-11 B). Although the identity of these minerals could not 
be elucidated by XRD (since the XRD diffraction spectrum was dominant by that of the amorphous 
aluminum hydroxide precipitates present in the sample (Figure 4-4 D), the shape and composition 
of the minerals suggest that they are different polymorphs of CaCO3 (e.g., aragonite, which are 
spindle-shaped, and calcite, which are cubic-shaped) 205. In the f = 0.5 min experiment, U ranged 
between 8.3 V and 8.7 V (Figure 4-9 A), while Eanode increased from -1.70 V to -1.47 V (Figure 
4-9 C).  
As in the Fe-EC experiments,  under f = 0.5 min was the lowest among all Al-EC 
experiments; notably, ϕ in the j = 1 mA/cm2 and 6.5 mA/cm2 experiments were < 1 (Table 4-2). 
4.3.3 EC Systems with Ti-IrO2 Serving as the Cathode   
The observation that PR was not effective at preventing the fouling of iron electrodes by Ca- 
and Mg-containing precipitates motivated us to explore new EC configurations. In a preliminary 
experiment wherein a Ti-IrO2 electrode served as the cathode in the Fe-EC system, it was observed 
that a thick layer of  Ca1-xMgxCO3 accumulated on this electrode could be completely dislodged 
within 2 mins upon switching the current direction (Figure 4-12 A and B vs. Figure 4-12 C and D, 
Figure 4-13). As such, the performance of a combined system of Fe/Al anode and Ti-IrO2 cathode 
was further investigated in an experiment in which the cell was operated in the DC mode, but the 
current direction was intermittently switched so that the Ti-IrO2 functioned as an anode for 120 s 




Figure 4-12. Photo and SEM images of a Ti-IrO2 cathode that was fouled by Ca1-xMgxCO3 (A and 
B). The fouling layer was completely removed (C and D) 30 seconds after the current direct was 
switched (hence, the Ti-IrO2 electrode became an anode). 
As can be seen from Figure 4-13 A and B, the Ti-IrO2 electrodes were free of foulants after 
6 h of operation. The fouling of the iron and aluminum anodes was also drastically diminished. 
Notably, the original black color of the iron rod was still visible (Figure 4-13 A). The Faradaic 
efficiencies were  = 0.87 – 0.95 and  = 0.82 – 0.90 in the Fe/Ti-IrO2 and Al/Ti-IrO2 systems, 
respectively (Table 4-3). In both systems, U increased by less than 0.1 V throughout the course of 
the experiment (Figure 4-13 C). 
Table 4-3. Faradaic efficiency in the Fe/Ti-IrO2 and Al/Ti-IrO2 EC experiments 
 
 
Fe/Ti-IrO2 EC Al/Ti-IrO2 EC 
i = 13 mA/cm2 i = 13 mA/cm2 
 (3 h)  (6 h)  (3 h)  (6 h) 




Figure 4-13.  Photo and SEM images of the electrodes in the Fe/Ti-IrO2 (A) and Al/Ti-IrO2 (B) 
EC systems. In these systems, Fe or Al served as the anode while Ti-IrO2 served the cathode. 
Electrocoagulation experiments were operated in the DC mode (i = 13 mA/cm2). Every 30 minutes, 
the current direction was reversed for that the Ti-IrO2 served as the anode for 120s, before the 











A major finding of this study is that operating EC in the PR mode did not always result in a 
lower energy consumption and/or greater coagulant production efficiency. In the Fe-EC system 
operated under the PR f = 10 min mode, a slightly lower U compared with that in DC-EC (and 
hence lower energy consumption P, since P = U × I × t) came at the expense of a  that decreased 
by 10 – 35%. In the PR f = 0.5 min system, not only did the energy consumption increase over 
time, but  also drastically decreased by as much as 90%. Moreover, while it has been suggested 
that operating EC in the PR mode can reduce electrode fouling 153,159, this was not the case in our 
Fe-EC experiments. As was mentioned earlier, the iron electrodes were fully covered with Ca1-
xMgxCO3 (Figure 4-2 D), CaCO3 and iron (hydr)oxides (Figure 4-2 F). Although U remained 
constant in the PR f = 10 min system, it is speculated that U may ultimately increase if Ca1-
xMgxCO3 continues to accumulate on both electrodes. In the PR f = 0.5 min, the increase in U 
(Figure 4-5 A) is attributable to the surface accumulation of iron (hydr)oxides, which passivated 
the surface of iron22,133. Iron (hydr)oxides are several orders of magnitude less conductive than 
metallic iron128.  
There are several possible explanations for the lower coagulant production in the iron PR-EC 
experiments. First, following each current switching event, the cathode will exert an electrostatic 
attraction force on the cationic iron species that have just been released from the same electrode. 
(This electrode served as the anode in the preceding current cycle). This attractive force would 
retard the migration of the cationic iron species into the bulk solution. Subsequently, upon 
encountering the OH- ions that are now generated via cathodic reactions 3 and 4, these cationic 
iron species would precipitate on the surface of the electrode, resulting in a lower  This 
hypothesis is speculated to be particularly relevant to the PR f = 0.5 min system wherein a rapid 
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current cycling means that there would be less time for cationic iron species to migrate away from 
the electrodes. This hypothesis is also consistent with the formation of fluffy iron (hydr)oxide flocs 
on the electrode surface (Figure 4-2  E and F). Second, the lower   could be due to electrochemical 
side reactions that if present will divert the current away from the iron corrosion reaction (i.e., 
reaction 1). In previous studies,  < 1 was attributable to the electrochemical oxidation of H2O and 
Cl- 8,17,22,66,96,113,206–208. However, since E0H(w), O2/H2O = +0.81 V and E
0
H(w), Cl2/Cl- = +1.34 V, the 
presence of these reactions can be ruled out from our system. This is because Eanode in our 
experiments were always < +0.81 V. (Note that due to the acidic environment in the anodic 
boundary layer, Eanode must be greater than E
0
H(w), O2/H2O and E
0
H(w), Cl2/Cl- to trigger the oxidation 
of H2O and Cl
-). Under PR f = 10 min, that  = 0.81 – 0.86 as well as Eanode mostly ranged between 
-0.37 and -0.42 V suggest that the predominant anodic reaction was the oxidation of iron (E0H(w), 
Fe/Fe2+ = -0.44 V). Under PR f = 0.5 min, Eanode ranged between -1.12 V and -0.02 V. Within this 
range, in addition to the oxidation of Fe, other reactions that are thermodynamically possible 
include the oxidation of H2(g) (E
0
H(w), H2O/H2 = - 0.41 V), the oxidation of Fe(OH)2, (E
0
H, green 
rust/Fe(OH)2 = -0.5 to -0.6 V when pH = 7 – 10 
209,210; E0H, Fe2O3/Fe(OH)2 = -0.5 to -1.0V when pH = 9 – 
14 211, and the oxidation of Fe3O4 (E
0
H, Fe2O3/Fe3O4 = -0.2 to -0.5 V when pH = 8 – 14 
211. In these 
experiments, the formation of H2(g) bubbles whenever each of the two electrodes served as the 
cathode was observed. Some bubbles detached from the electrode, while some remained on the 
electrode surface. Therefore, it is hypothesized that the oxidation of these adsorbed H2(g) (or 
dissolved H2 present in the vicinity of the electrodes), which would take place when the current 
direction is switched and a cathode becomes an anode, is an important side reaction. However, 
since Eanode in the PR f = 0.5 min system varied over a wide range (Figure 4-5 C), it is likely that 
multiple oxidation side reactions were occurring. In addition to the oxidation side reactions, the 
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electrochemical reduction on the cathode of Fe(II) ions 212(released from the same electrode when 
it served as the anode in the preceding current cycle) could have resulted in a low  in PR-EC. 
Third, the lower   also could be due to the build-up of precipitates on the surface of both 
electrodes, which would prevent the migration into the bulk solution of the iron ions that are 
released from the electrode base beneath the fouling layer. Lastly, the lower coagulant production 
in PR-EC could be due to the current interruption period between each PR cycle. However, since 
current was restored to the pre-set value within less than 2 s (Figure 4-7), the effect of current 
interruption on  should be minimal. 
If PR is detrimental to Fe-EC, it is appeared to be beneficial to the performance of Al-EC. 
Firstly, electrode fouling was significantly reduced in all aluminum PR-EC experiments (compare 
Figure 4-8 C and E with Figure 4-8 A). A notable difference between the Fe-EC and Al-EC systems 
is that the aluminum hydroxide precipitates were observed to be more loosely bound to the anode, 
and more easily dislodged by the H2(g) bubbles that were produced whenever the current direction 
was switched. Secondly, U in the PR experiments were lower than that of Al-DC (Figure 4-9 A), 
which increased substantially as the experiment progressed. Finally, of all the PR conditions 
tested, only under f = 0.5 min/i = 1 mA/cm2 and f = 0.5 min/i = 6.5 mA/cm2 did the aluminum PR-
EC system exhibit a significant decrease in   (by as much as 75%). Under the other PR conditions, 
 is either equal to (f = 10 min/i = 6.5 mA/cm2), slightly higher (f = 10 min/i = 13.5 mA/cm2), or 
slightly lower (f = 0.5 min/i = 13 mA/cm2 and f = 10 min/i = 1 mA/cm2) than  in the Al-DC 
counterparts. 
Another important difference between Al-EC and Fe-EC is that the anode and cathode in Al-
EC can undergo chemical corrosion, owing to the low and high pH regions developed in the 
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vicinity of each electrode 107,114,115,166. The chemical dissolution of the cathode would dislodge Ca- 
and Mg-containing precipitates – as can be seen by comparing Figure 4-2 B and Figure 4-8 B, the 
aluminum cathode was not covered by Ca1-xMgxCO3 to the same extent as was the iron cathode. 
The chemical oxidation of aluminum electrodes also resulted in   > 1, with the exception of  the 
f = 0.5 min/i = 6.5 mA/cm2 ( = 0.67) and the f = 0.5 min/i = 1 mA/cm2 ( = 0.54) systems As in 
the iron PR-EC system, possible explanations for the lower  in the aluminum PR-EC f = 0.5 min 
systems include (1) decreased migration into the bulk solution of cationic aluminum species 
because of the rapid current cycling, and (2) electrochemical side reactions, particularly the 
oxidation of adsorbed H2(g). Another reason for the lower  could be that the rapid current cycling 
in the f = 0.5 min system resulted in less acidic/basic pH environments in the vicinity of each 
electrode, thereby decreasing the chemical dissolution of aluminum 200. 
Compared with the Fe-EC and Al-EC systems, the fouling of the electrodes in the Fe/Ti-IrO2 
and Al/Ti-IrO2 systems was diminished (the iron and aluminum electrodes) or prevented altogether 
(the Ti-IrO2 electrode). As was mentioned earlier, the Fe/Ti-IrO2 and Al/Ti-IrO2 systems were 
operated under the DC mode (iron or aluminum was the anode while Ti-IrO2 was the cathode), 
with an occasional current switching that reversed the role of the two electrodes for a short period 
(120 s). Following each current switching event, the Ca1-xMgxCO3 precipitates accumulated on the 
Ti-IrO2 electrode was rapidly dislodged by the evolution of O2(g) bubbles (produced from the 
electrochemical oxidation of H2O on Ti-IrO2). In the Fe/Ti-IrO2 system,  decreased only by 5 – 
13%, which is attributable to the interruption of coagulant production whenever the Ti-IrO2 
electrode served as an anode (13.3% of the overall operating time). From the operational 
perspective, this slightly lower  could be outweighed by the potential benefits that the diminished 
electrode fouling may provide (e.g., lower ohmic drop, sustained coagulant production, less 
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frequent replacement of electrodes). In contrast,  in the Al/Ti-IrO2 system decreased by 40 – 60% 
compared with  in the aluminum DC-EC counterpart. This significant decrease of  in the Al/Ti-
IrO2 system highlights the importance of the chemical dissolution of the aluminum cathode in the 
aluminum DC-EC system to the overall coagulant production. It also suggests that the Al/Ti-IrO2 
system might not be an attractive alternative to conventional Al-EC systems, considering that the 
amount of energy consumed in the former system is only 10 – 20% lower (compare Ucell = 7.2 – 
7.6 V of the Al/Ti-IrO2 system (Figure 4-13 C) versus Ucell = 8.0 – 8.5 V of the aluminum PR-EC 
f = 10 min (Figure 4-9 A).  Of all the Al-EC systems tested in this study, the aluminum PR-EC/f = 
10 min appeared to provide the greatest balance of high coagulant production efficiency, reduced 











4.5 Chapter Conclusions  
This study compared the performance of Fe- and Al-EC systems that operated in the direct 
current and polarity reversal modes. By systematically examining the effects of electrode type, 
current density, and PR f on the coagulant production efficiency, electrode fouling, energy 
consumption, and anodic potential, the following insights have been gained: 
• Under the experimental conditions employed in this study, Fe-EC operated in the polarity 
reversal mode consumed more energy but generated less coagulant than the iron DC-EC 
counterpart. The fouling of the iron electrodes also was not reduced under all conditions, 
which is contrary to what has been suggested in the literature.  
• In general, polarity reversal was beneficial to the performance of Al-EC. In all but one 
experiment, the coagulant production of aluminum PR-EC was comparable to that of 
aluminum DC-EC. Notably, aluminum PR-EC systems consumed less energy and did not 
suffer from electrode fouling to the same extent as aluminum DC-EC. 
• Under a rapid rate of polarity reversal (f = 0.5 mins), the coagulant production efficiency 
decreased by as much as 90% in Fe-EC, and by 40 – 50% in Al-EC. This decrease was 
attributable to electrochemical side reactions (e.g., the oxidation of adsorbed H2(g)), the 
retardation of the iron and aluminum ion migration into the bulk solution, and the 
precipitation of these ions on the electrodes. It is suspected that, for these same reasons, 
the coagulant production efficiencies in EC systems operated with alternating current (AC-
EC) were lower than those of DC-EC 155,157. In AC-EC systems, the migration of iron and 
aluminum ions into the bulk solution is expected to be further retarded since the current 
direction is constantly changing.  
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• An EC system that employed a iron anode and a Ti-IrO2 cathode, and operated under the 
DC mode with an occasional current switching, was shown to result in not only effective 
coagulant production but also minimal electrode fouling. This combined Fe/Ti-IrO2 
electrode system has the potential to be an effective EC configuration. 
As a concluding remark, it is noted that all experiments in this study were conducted under a 
similar flow dynamic and employed one solution formulation. Since the nature of the fouling layer 
and the coagulant production efficiency are dependent on the solution composition (e.g., the 
corrosion of iron is accelerated by Cl- but inhibited by oxyanions such as SO4
2- and phosphate17,134–
136 and cell design 101,132,213, additional research is needed to compare the performance of DC-EC 








Chapter 5  
The Effect of Polarity Reversal on Faradaic Efficiency, 
Contaminant Removal, and Precipitate Separation 
Portions of this chapter (figures (Figure 5-1, Figure 5-3, Figure 5-4), tables (Table 5-1), and texts 
(sections 5.2 and 5.3.1) ) were published in Water Research, Volume 203, Chow H., Ingelsson M., 
Pham A. L. T., Roberts E. P. L., How does periodic polarity reversal affect the faradaic efficiency 
and electrode fouling during iron electrocoagulation?, 117497, Copyright Elsevier (2021) 
All other materials have not been published. 
5.1 Chapter Introduction  
Electrochemical water treatment technologies, such as electrocoagulation (EC), 
electrochemical oxidation, and electroflotation, have been growing in popularity owing to their 
ability to remove a wide variety of pollutants without the need for chemical addition 202,214. Of 
these technologies, EC has been proposed as an alternative to the traditional chemical coagulation 
(CC), namely the process in which chemical coagulants such as alum or ferric chloride are added 
to destabilize and precipitate out contaminants 21,36,118,215. EC has several advantages over CC, 
including little to no chemical addition, less sludge generation, improved coagulant mixing, and 
smaller space requirements 6,8–11. In EC, coagulant is added via the application of electric current 
to metal electrodes to release metal ions into the surrounding water. The most common electrode 
materials for EC applications are iron and aluminum, which have been shown to effectively 
remove a wide variety of contaminants while being relatively low cost 8,21,55. In iron-based EC (Fe-
EC),  iron ions are released into solution through the electrochemical production of Fe(II) at the 
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anode (reaction 1) 2,17. These ions subsequently form various iron oxyhydroxides (reaction 2). 
Aluminum-based EC (Al-EC) functions similarly, with the Al(III) ions produced via 
electrochemical dissolution at the anode (reaction 3) undergoing hydrolysis to produce Al(OH)3 
precipitates (reaction 4) 107,166. In addition to producing the precipitates necessary for contaminant 
removal, the hydrolysis reactions also produce H+, resulting in an acidic environment in the 
vicinity of the anode. On the cathode side, the reduction of water produces OH- (reaction 5), 
creating an alkaline region. These localized acidic and alkaline pH environments further promote 
the dissolution of aluminum electrodes, resulting in coagulant doses that are often higher than what 
would have been expected based on the faradaic law; this phenomenon is often referred to as super 
faradaic efficiency 107,114,115,166.   
Fe → Fe(II) + 2e-     (1) 
4Fe(II) + O2 + 10H2O  → 4Fe(OH)3 + 8H
+  (2) 
Al → Al(III) + 3e-     (3)        
Al(III) + 3H2O → Al(OH)3 + 3 H
+    (4) 
2H2O + 2e
- → 2OH- + H2(g) 
   (5) 
One major problem in EC is the build-up of materials on the surface of the electrodes, a 
phenomenon that is often referred to as fouling 8,177. While anodic fouling is caused primarily by 
the precipitation of metal hydroxides onto the surface of the electrode, cathodic fouling can be due 
to the precipitation of metal hydroxides as well as Ca- and Mg- containing minerals 177. The 
precipitation of Ca- and Mg- containing minerals directly onto the cathode is attributable to the 
high pH at the cathode (reactions 6-8) 129,130.  
Ca2+ + CO3
2− 
→ CaCO3(s)     (6) 
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(1-x) Ca2+ + x Mg2+ + CO3
2- →Ca1-xMgxCO3(s)  (7) 
Mg2+ + 2OH− → Mg(OH)2(s)    (8) 
Fouling can negatively impact the long-term performance of EC by decreasing coagulant 
production, decreasing electrode gap, increasing energy consumption, and reducing contaminant 
removal efficiency6,20–23,203. Therefore, researchers have put significant efforts into finding 
techniques to prevent/mitigate fouling. One technique that has gained great deal of interest is 
polarity reversal (PR), which involves periodically switching the direction of the current such that 
the anode becomes the cathode and vice versa 9,17,68,74,84,153,177,201. It has been hypothesized that as 
the current direction is switched, the removal of fouling layers will be promoted by various 
chemical/electrochemical processes, including 1) the production of hydrogen gas from water 
reduction, which can displace precipitates that are loosely bound to the electrode surface  9,216, 2) 
metal hydrolysis, which creates low pH environments around the electrode and facilitates the 
dissolution of Ca- and Mg- containing minerals, and 3) electrochemical dissolution of the 
underlying electrode, which can dislodge fouling layers accumulated on the surface 216. Compared 
with other fouling removal techniques (e.g., mechanical/chemical cleaning, pre-treatment by ion 
exchange to remove Ca2+ and Mg2+), PR is especially appealing because it allows for the removal 
of fouling to occur concurrently with the production of coagulant. PR also does not require 
chemical addition, reactor shutdown, or additional infrastructure (other than a current switch).  
In Chapter 4, it was found that Fe-EC operated in the PR mode consumed more energy but 
generated less coagulant than the iron DC-EC counterpart. The fouling of the iron electrodes also 
was not reduced, which is contrary to what has been suggested in the literature. In contrast to Fe-
EC, it was found that PR was beneficial to the performance of Al-EC because the coagulant 
production in aluminum PR-EC was comparable to that of aluminum DC-EC in all but one 
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experiment. Notably, aluminum PR-EC systems consumed less energy and did not suffer from 
electrode fouling to the same extent as aluminum DC-EC. As was noted in the Conclusions section 
of Chapter 4, all experiments employed one solution formulation (i.e., a synthetic groundwater 
formulation containing high concentrations of Ca2+ and Mg2+). Since the nature of the fouling layer 
and the coagulant production efficiency are dependent on the solution composition (e.g., Cl- can 
induce pitting corrosion and prevent passivation 17,134,135; SO4
2- and PO4
3- can inhibit corrosion and 
increase overpotentials 17,135,136; Ca2+, Mg2+, and dissolved silica can accelerate electrode fouling19, 
additional research is needed to compare the performance of DC-EC and PR-EC under different 
solution chemistry.  
To this end, the first objective of this study was to determine the impacts of water chemistry 
and PR frequency on the coagulant production in Fe-EC and Al-EC. As will be discussed in detail 
later in this chapter, it was found that Fe-EC suffered severe electrode fouling and low coagulant 
production efficiency under most conditions, especially when Fe-EC was employed for the 
treatment of oil sands in-situ synthetic produced water (SPW). This result suggests that even 
though Fe-EC can remove both silica and sulfide from produced water (as reported in Chapter 3), 
the treatment effectiveness would decrease over time. Therefore, the other objective of this study 
is to re-examine the efficacy of Al-EC to treat SPW, focusing specifically on the effects of PR on 






5.2 Materials and Methods  
5.2.1 Materials  
All chemicals were of reagent grade and were used without further purification. The 
electrodes were iron rods (4.8 mm diameter, 98%+ purity) and aluminum rods (d = 4.8 mm, 96%+ 
purity) obtained from Metal Supermarkets.  
Four types of synthetic water samples were used to study the effect of solution chemistry on 
coagulant production:  
● NaCl in deionized water 
● Na2SO4 in deionized water 
● Synthetic groundwater (SGW) 
● Synthetic produced water (SPW), emulating the chemical profile of produced water 
associated with in-situ bitumen extraction  
These solutions were chosen for their increasing complexity and varying effects on EC 
performance. For example, the SGW and SPW solutions contained buffers (e.g., HCO3
−), which 
have previously been reported to affect EC performance by creating a passive layer at the electrode 
surfaces and thereby preventing the release of Fe(II/III) 17. In the NaCl solution, the coagulant 
production is expected to be high because Cl− can help dissolve the electrode surface layers and 
facilitate pitting 137. In contrast, SO4
2− has been shown to promote iron and aluminum passivation 
17. In the SGW and SPW solutions, Ca2+ and Mg2+ are expected to contribute to the fouling of the 
cathode in DC-EC 72, and on both electrodes in PR-EC (Chapter 4). Lastly, the SPW contains HS−, 
which can be electrochemically oxidized into elemental sulfur (S0), and/or can react with Fe2+ to 
generate sparingly soluble iron sulfide minerals (FeS) (Chapter 3).  
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The ionic compositions of the tested solutions are presented in Table 5-1. Characteristics of 
test solutions1. The chemicals used to prepare the solutions were Na2SiO3 (or Na2SiO3·9H2O), 
NaHS·H2O, MgCl2 (or MgCl2·6H2O), CaCl2, Na2SO4, NaHCO3, NaNO3, Na3PO4·H2O (or 
Na3PO4·12H2O), and NaCl. The pH of the solutions was adjusted to their initial pH using 1 M 
HCl. All solutions were prepared using 18.2 MΩ·cm water. 








1. Concentration of solutes are presented in mg/L 
2. Pan C, Troyer LD, Catalano JG, Giammar DE. Dynamics of chromium(VI)removal from 
drinking water by iron electrocoagulation. Environ Sci Technol. 2016;50(24):13502-
13510. doi:10.1021/acs.est.6b03637 3 
3. Chapter 3 SPW formulation 
 
 NaCl Na2SO4  SGW2  SPW3 
Cl− 758   68  1,945 
NO3
− (as N)   5.3   
HCO3
−   430 1,700 
SO4
2−  676 220 40 
Phosphate (as P)   0.25  
Silica (as Si)   12.6 58 
Na+ 492  324 305 1,900 
Mg2+   14 20 
Ca2+   110 65 
HS-    110 
pH 7 7 7.3-7.4 7.6-7.8 
Conductivity (mS/cm) 2.46 1.60 1.89 8.22 
95 
 
5.2.2 Continuous Flow-Through Experiments 
The effects of PR frequency (f) and water chemistry on coagulant production were examined 
using the continuous flow-through reactor (V = 200 mL) similar to that described in Chapter 4 
(Figure 4-1). The reaction solution was supplied to the reactor by a peristaltic pump at a flow rate 
of 10 mL min−1, resulting in a retention time of 20 min. Within the reactor, the solution was 
continuously mixed by a magnetic stir bar. The reactor was covered with a lid with three openings, 
two that held iron and aluminum rods and one for solution sampling. The rods were spaced 2 cm 
apart, and were submerged to a depth of 6 cm, resulting in an active surface area of 7.6 cm2 ± 0.1 
cm. Before each experiment, the electrodes were sonicated in 1 M HCl, polished with sandpaper, 
and rinsed with deionized water. 
The reactor was controlled by a potentiostat (VSP, Bio-logic Science Instruments), which 
applied a constant current of I = 0.1 A (j = 13 mA cm−2). Experiments were conducted either in 
the DC mode, or in the PR mode with f = 0.5, 1 or 2 min. At t = 3 and 6 h, liquid samples were 
withdrawn from the reactor, and were digested in a solution consisting of 3 wt. % HNO3 and 3 wt. 
% HCl. Subsequently, the digested solution was subjected to inductively coupled plasma-optical 
emission spectroscopy (ICP-OES) analysis. To examine the electrode surface morphology and 
elemental composition, the electrodes were removed from the reactor at the end of the experiments, 
air dried, and analyzed using an FEI Quanta FEG 250 Environmental Scanning Microscope 
(ESEM) that was coupled with an Inca energy dispersive X-ray (EDX) spectrometer. 
5.2.3 Batch Experiments with Synthetic Produced Water    
 The treatment of SPW by Al-EC operated under DC and PR was further investigated. In 
these experiments, a taller (30 cm) reactor was employed to allow sufficient distance for the 
precipitates to settle, in order to examine the effects of DC and PR on the settling of the precipitates 
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post EC. The reactor, which was operated in the batch mode, consisted of 1.9 L of SPW solution 
that was constantly stirred by a magnetic stir bar. The cell was covered with a lid that has two 
openings, which held two aluminum electrodes, and openings for sampling. The aluminum rods 
were spaced 2 cm apart, and were submerged to a depth of 11 cm, resulting in an active surface 
area of approximately 17.5 cm2 ± 0.1 cm (Figure 5-1).  
 
Figure 5-1. Electrochemical cell used for batch EC experiments 
Current was supplied to the system galvanostatically (i = 5.7 mA cm−2) for a total of 1.5 hrs. 
Experiments were conducted either in the DC mode, or in the PR mode with f = 10 or 0.5 min. At 
pre-determined time intervals, 20 mL of solution was removed from the reactor. Of this 20 mL, 5 
mL was digested in a solution consisting of 3 wt. % HNO3 and 3 wt. % HCl, and the digested 
solution was then subjected to ICP-OES analysis to measure Al. The remaining 15 mL was filtered 
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through a 0.2-μm nylon filter. Subsequently, the filtered solution was subjected to ICP-OES 
analysis to measure Si, Ca, Mg and Al. 
To characterize the precipitates produced in these experiments, the treated solution was 
subsampled and deposited on a transmission electron microscopy (TEM) grid, blotted with a 
kimwipes paper, allowed to dry at room temperature, and subjected to TEM analysis. In addition, 
the treated solution was filtered through a filter paper (pore size of 10 μm, active filter area of 10.2 
cm2) using a vacuum pump (pressure = -0.8 bar). The solids collected on the filter were allowed 
to air dry and were subsequently characterized by X-ray diffraction (XRD) and SEM to examine 
crystal structure, surface morphology, and elemental composition. The surface area of the 
precipitates was also measured by the Brunauer–Emmett–Teller (BET) N2 physisorption method. 
Lastly, during the collection of the precipitates by filtration, the time needed to filter the solution 
was recorded, which was used to calculate filtration flux (mL/cm2s).  
Due to the sample preparation requirements, the characterization methods described above 
are prone to artifacts. For example, it is not possible to capture the particles’ aggregation structure 
by SEM and TEM since the samples were dried prior to analysis. As such, liquid samples were 
also taken directly from the solution and examined with a Zeiss Axioskop II light microscope to 
investigate the floc structure. 
At the end of the experiments (i.e., at t = 1.5 hrs), the potentiostat and the magnetic stirrer 
were turned off and the precipitates were allowed to settle. At predetermined time intervals, a 15-
mL aliquot was taken at a height of 13 cm from the bottom of the reactor and was analyzed on a 
HACH portable turbidity meter. All data presented were for experiments conducted in triplicate 
with averages and standard deviations presented. 
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5.2.4 Faradaic Efficiency  
The applied current governs the electrochemical reaction rates at the electrodes. Therefore, 
the amount of anodic metal dissolution can be predicted by Faraday’s Law (Equation 3):  




where I (A) is current, t (s) is electrolysis time, M is the atomic mass of the metal (M = 55.485 g 
mol−1 for Fe), z is electron transfer number (z = 2 for Fe, z = 3 for Al), and F is Faraday’s constant 
(96,485 C mol−1). In this study, the faradaic efficiency (ϕ) was calculated as the ratio of the 
measured to the theoretically predicted (electrochemical produced by Faraday’s law) (from 
Equation 4) mass of coagulant dissolved: 







where m (g) is the experimentally measured mass of iron or aluminum released into the bulk 
solution. 
5.2.5 Statistical Analysis  
To determine if the difference in coagulant production, contaminant removal, turbidity, and 
filtering flux between PR and DC operation were statistically significant, a two tailed student’s t-
test for samples with equal variances was performed. This test was performed for a significance 
level of 5%. The degrees of freedom, variance, and the t value were calculated using equations 5, 
6, and 7.  





      




























                












                   
Equation 7 t-Value 
The null hypothesis (H0) tested is: µ1 = µ2 and the alternative hypothesis (Ha) is: µ1 ≠ µ2, where µ1 
and µ2 are the means of the two experimental points. Relevant statistical parameters are reported 













5.3 Results and Discussion  
5.3.1 The PR Fe-EC System  
 In the continuous-flow system,  in PR-EC were always lower than those in DC-EC (Figure 
5-2). Notably,  progressively decreased as f decreased from 2 min to 0.5 min. The extent to which 
f influenced  was dependent on the solution chemistry. For example, the lowest  observed with 
the NaCl solution was 80%, while the lowest  in other solutions ranged between 5 and 50%. In 
the PR-EC experiments with SPW,  was < 20% at all f.  
 
Figure 5-2. The effects of PR f and water chemistry on ϕ in Fe-EC. Experiments were conducted 
in triplicate with averages and standard deviations presented. 
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Possible explanations for the diminished  in PR-EC include (1) Fe ions precipitated on the 
electrode surfaces instead of migrating into the bulk solution, and (2) there are electrochemical 
side reactions that diverted the current away from reaction 1. The first hypothesis is supported by 
the visual observation that more materials accumulated on the electrodes in PR-EC than in DC-
EC, especially in experiments with f = 0.5 min. Notably, the electrodes quickly turned black in the 
experiments with SPW — this is attributable to the reaction between Fe(II) and HS−, which 
produced sparingly soluble FeS minerals (Chapter 3). This reaction is known to be much faster 
than the hydrolysis and oxidation of Fe(II) 217: 
Fe2+ + HS- → FeS + H+  (9) 
The presence of FeS on the electrode surface is corroborated by a clear signal of S in the EDS 


















































































































































































































































































































































The build-up of Fe in the fouling layer in the SPW and SGW experiments could also have 
been caused by Ca- and Mg-containing minerals, which covered the surface of the electrodes 
(Figure 5-3) and trapped more Fe in the fouling layer 22. Ca- and Mg-containing minerals, such as 
CaCO3, Mg(OH)2, and CaMg(CO3)2, can precipitate under alkaline conditions developed in the 
boundary layer of the cathode 129,130. Because both electrodes in PR-EC intermittently served as 
the cathode as the polarity alternated, Ca- and Mg-containing minerals were seen to be present on 
both electrodes (Figure 5-3).  
Regarding the second hypothesis, side reactions that could have occurred include the 
electrochemical oxidation of H2O to O2(g), and HS
- to S0. As reported in Chapter 3, the 
electrochemical oxidation of HS- to S0 was observed when SPW was treated by Fe-EC operated in 
the DC mode. In the PR-EC/Na2SO4 system, gas evolution was observed on both electrodes, 
suggesting that the oxidation of H2O was occurring (reaction 10). Dubrawski et al  also attributed 
the low   in their Fe-EC experiment to the oxidation of H2O, which was triggered by the 
passivation of the electrodes by SO4
2-96: 
2H2O → O2 + 4H
+ + 4e- (10) 
The higher ϕ and lower electrode fouling layers observed in the experiments with the NaCl 
solution is attributable to the ability of Cl- to inhibit electrode passivation via pitting corrosion 137. 
(Although SGW and SPW also contained Cl-, the depassivation effect of Cl- must have been 
outcompeted by ions that can inhibit corrosion (i.e., SO4
2-, NO3
-, silicate and phosphate). SGW 
and SPW also contained Ca2+ and Mg2+, which can further foul the electrode surfaces via the 




5.3.2 The PR Al-EC System 
 Sulfate ions are known to passivate Al electrodes 107,112,139. Presumably due to this 
passivation effect, a voltage surge occurred almost immediately after the Al-EC experiments with 
the Na2SO4 solution started, resulting in the shut down of the potentiostat. As such, only data from 
the experiments with the three other solutions could be collected (Figure 5-4).  
 
Figure 5-4. The effect of PR f and solution chemistry on ϕ in Al-EC. Experiments were conducted 
in triplicate with averages and standard deviations presented. 
Contrary to the results in the Fe-EC system (Figure 5-2), there was no clear trend between ϕ 
and PR f in the Al-EC system (Figure 5-4). Compared to DC-EC, the application of PR resulted in 
an increase in ϕ in the NaCl experiments, no effect on ϕ in the SGW experiments, and a decrease 
in ϕ in the SPW experiments. As in the Fe-EC system, the high coagulant production in the NaCl 
experiments was likely the result of pitting corrosion facilitated by Cl- ions 90,218,219. While SGW 
also contained Cl-, the depassivation effect of Cl- is hypothesized to be counteracted by SO4
2-, 
Ca2+, Mg2+, and phosphate, which passivated the electrodes (Figure 5-5). Lastly, the decreased in 
ϕ in the SPW solution is hypothesized to be caused by sulfide. As reported in Chapter 3, sulfide 




Figure 5-5. Figure 5 5. SEM images of the Al electrodes after 6 hours in SGW and SPW. 
5.3.3 The Treatment of SPW by PR-EC 
Based on the results presented above, along with the results reported in Chapter 3, the 
following conclusions can be deduced about the treatment of SPW by EC. First, while Fe-EC is 
effective at removing sulfide, the reaction between Fe(II) and sulfide in the electrode boundary 
layer could result in severe electrode fouling. Second, the mitigation of electrode fouling in the 
Fe-EC/SPW system by PR does not appear to be a promising strategy, as the application of PR 
resulted in a very low ϕ.  A low ϕ is detrimental not only to the removal of silica, but also to the 
removal of sulfide. In contrast, while Al-EC is not as effective as Fe-EC at removing sulfide, Al-
EC may be a more effective option for the treatment of oil sands in-situ produced water, because 
Al electrodes will not be fouled rapidly by sulfide (since aluminum ions do not react directly with 
106 
 
sulfide). Additionally, if Al electrodes are fouled by Al(OH)3 and hardness, PR could potentially 
be used to remove fouling layers without significantly compromising coagulant production.  
Since maintaining a high coagulant production is paramount to the removal of silica (i.e., the 
main target contaminant in the oil sands in-situ produced water), Al-EC was deemed more 
promising for the treatment oil sands in-situ produced water. Therefore, the subsequent sections 
discuss the effect of PR on 1) the removal of silica, calcium, and magnesium in SPW by Al-EC, 
2) precipitate separation post EC treatment, and 3) precipitate characteristics. 
Contaminant removal. As presented in Figure 5-6 A and B, silica removal was proportional 
to the coagulant production. The lowest amount of coagulant production and silica removal were 
observed in the PR f = 0.5 min system. In contrast, coagulant production and silica removal were 
comparable in the DC-EC and the PR f = 10 min systems. These results are consistent with those 






Figure 5-6. (A) The mass f aluminum removed and (B-D) contaminant removal profiles for (B) 
silica, (C) calcium, and (D) magnesium vs. charge density. Experiments were conducted in SPW 
employing a current density of j = 5.7 mA/cm2. Experiments were conducted in triplicates, and 
average values along with one standard deviation (i.e., error bar) are presented. 
The removals of calcium and magnesium were also affected by the application of PR. While 
30% of calcium was removed in DC-EC, the removal efficiency decreased to 26% and 11% in PR 
f = 10 min and PR f = 0.5 min, respectively (Figure 5-6 C). (The removals of calcium in DC-EC 
(i.e., 30%) and PR f = 10 min (i.e., 26%) were statistically different). In the case of magnesium, 
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the removals were 13%, 8.8%, and 6% in DC-EC, PR f = 10 min, and PR f = 0.5 min, respectively 
(Figure 5-6 D), although the removals were not statistically different. Since calcium and 
magnesium are mainly removed from the solution via reactions 6 – 8, the difference between the 
removals in DC-EC and PR-EC can be explained as follows. In DC-EC, a high pH region 
conducive to reactions 6 – 8 is developed around the cathode 14,86,220,221. In contrast, the constant 
production of OH- and H+ at each electrode as the current direction was switched in PR would 
result in the more neutral pH environment in the electrode boundary layer (i.e., a condition that is 
less favorable for reactions 6 – 8). When PR f = 0.5 min was employed, the rapid current cycling 
would have created the most neutral pH environment surrounding each electrode, resulting in the 
lowest removal efficiency.  
 
Figure 5-7. Solids separation post Al-EC via settling, measured by turbidity, and filtration 
Precipitate separation by settling and vacuum filtration. The precipitates produced with PR 
f = 0.5 min settled at the slowest rate (Figure 5-7 A and B). This could be partly due to the lowest 
coagulant amount produced in this experiment (Figure 5-6 A) — a low coagulant dose would result 
in a low particle collision frequency and, thus, slower aggregation and settling rates. However, the 
settling rates in the DC and PR f = 10 min were drastically different, even though the amounts of 
coagulant produced in these experiments were comparable (Figure 5-6 A and Figure 5-7 A). 
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Therefore, it is hypothesized that the particles produced under DC and PR may have different 
physical/chemical properties. This hypothesis is supported by three lines of evidence. First, the 
BET surface areas of the precipitates produced in the PR experiments were higher that those 
produced in the DC experiment (Table 5-2). Between the PR f = 10 min and f = 0.5 min 
experiments, the precipitates produced in the latter experiment possessed a higher surface area per 
mass. Second, when the treated solutions were filtered through a quantitative filter paper, the 
filtration flux was the lowest in the solution treated under PR f = 0.5 min (Figure 5-7 C). This  
result suggests that the filter was clogged to the greatest extent during the filtration of this 
solution, even though the amount of coagulant produced in the PR f = 0.5 min experiment was the 
lowest (Figure 5-6 A). Third, the precipitates collected on the filter were visually different: while 
the precipitates produced in the DC experiment were white, those that were produced in the PR 
experiments were grey (Figure 5-8).  
 
Figure 5-8. The effect of PR on precipitate colour in SPW 




Surface Area (m2/g) 
DC 149.6 
PR  f = 10 min 281.7 
PR  f = 0.5 min 319.8 
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Precipitate characteristics. The discussion presented above supports the hypothesis that PR 
changes the characteristics of the precipitates produced. To gain further insights into their 
physical/chemical properties, the precipitates were further characterized by XRD, TEM, SEM, and 
light microscopy. Somewhat surprisingly, these characterization methods reveal little if any 
differences among the precipitates. Specifically, the surface of the precipitates produced in the DC 
experiment appeared to be smoother than the surface of those produced in the PR experiments 
(Figure 5-9), although the difference is relatively subtle. In contrast, XRD spectra (Figure 5-10) 
and TEM images (Figure 5-11) suggest that all precipitates were amorphous in nature and were 
flocs of 10 – 20 nm particles. However, it is noted that the aggregation of particles could have 
changed during the drying process required for sample prep for TEM analysis. Therefore, a light 
microscope was employed to further examined the floc structure in liquid aliquots subsampled 
from the solution. The light microscope images (Figure 5-12) reveal that the particles produced in 
the DC experiment aggregated into much larger flocs compared to those produced in the PR 
experiments.  
 





Figure 5-10. XRD spectrum of the aluminum precipitates produced in SPW with DC and PR 
operation. 
 





Figure 5-12. Light microscope images of the aluminum precipitates produced in SPW with DC 
and PR operation with a magnification of 100x 
 
Figure 5-13. Percent of aluminum precipitates, generated in SPW, which passed through a 0.2 μm 
filter with DC and PR operation. 
Besides potential artifacts resulted from sample drying, another potential pitfall of the XRD 
and SEM analyses could be that the precipitates were collected using a 10-m filter. As such, these 
analyses may not have captured particles/aggregates smaller than 10 m not retained by the filter. 
Thus, another set of experiments was conducted wherein the treated solutions were fractionated 
using a 0.2-μm nylon filter.  It was observed that the fraction of aluminum that passed through the 
0.2-μm filter in the PR f = 0.5 min experiment varied between 30 – 50% throughout the course of 
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the experiment (Figure 5-13). In comparison, these fractions in the DC and PR f = 10 min 
experiments decreased from 50% to less than 2%. These results suggest that the particles/flocs 
produced in the PR f = 0.5 min were smaller than those produced in the other two experiments.  
Collectively, the characterization results presented above suggest that while the precipitates 
produced in all experiments were amorphous in nature, those produced in PR-EC were smaller in 
size and possessed higher surface area per mass than those produced in DC-EC. The effect of PR 
on the physical characteristics of the precipitates is hypothesized to be as follows. When EC is 
operated in the DC mode, an acidic and a basic pH zone are formed around the anode and cathode, 
respectively. Under either acidic or basic conditions, a high proportion of aluminum released from 
the electrodes would remain in the dissolved form within the electrode boundary layers. Once the 
dissolved aluminum migrates from the boundary layers to the bulk solution (i.e., where the pH is 
more neutral), the precipitation of Al(OH)3 would occur. This two-stage process would create 
“reaction limited aggregation” conditions, resulting in more dense flocs that would grow and settle 
more readily. Conversely, the aluminum ions produced in the PR experiments would precipitate 
within the electrode boundary layers where the pH is more neutral. The simultaneous dissolution 
of Al from the electrodes and precipitation of Al(OH)3 would create a “diffusion limited 
aggregation” condition, resulting in the formation of smaller particles as well as looser and more 
fragile flocs that settle at a slower rate. Due to the alternating production of H+ and OH- at both 
electrodes, the pH of the boundary layers in PR f = 0.5 min are expected to be the most neutral. 
Thus, the precipitates/flocs formed in this experiment were smallest and settled at the slowest rate. 
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Generally, smaller particles have higher surface area per mass, which is consistent with the BET 
results (Table 5-2). 
Overall, the results presented above suggest that a low PR f (i.e., 0.5 min in this study) would 
result in decreased coagulant production (hence, decreased silica removal efficiency), decreased 
calcium and magnesium removal, and smaller precipitates that are more challenging to separate.  
Therefore, PR f should be optimized to minimize electrode fouling while not compromising 














5.4 Chapter Conclusions  
This study explored the effect of water chemistry and PR on EC’s key performance 
parameters, including coagulant production, contaminant removal, and precipitate separation.  It 
was found that the application of PR in Fe-EC resulted in a decreased coagulant production under 
all solution chemistry conditions. In general, the coagulant production decreased as PR frequency 
increased. Notably, the coagulant production ranged between 10 – 20% in the experiments with 
produced water. This result suggests that while Fe-EC is capable of removing both silica and 
sulfide from produced water, the removal efficiency would decrease over time. In comparison, ϕ 
was above 100% (i.e., super faradaic efficiency) in most Al-EC experiments. Given that 
maintaining a high coagulant production is paramount to the removal of silica (i.e., the main target 
contaminant in the oil sands in-situ produced water), Al-EC was deemed more promising for the 
treatment oil sands in-situ produced water. While operating Al-EC under PR can mitigate electrode 
fouling, the use of high PR frequency should be avoided, as this would result in decreased 
coagulant production (hence, decreased silica removal), decreased calcium and magnesium 





Chapter 6   
Conclusions 
6.1 Summary of Results  
This research aimed to investigate some of the major barriers that hamper the adoption of EC. 
Investigating these barriers, and the underlying fundamental mechanisms which control the 
processes in EC, will facilitate the use of EC as a water treatment technology. The two questions 
this research aimed to answer were: (1) Can EC effectively treat heavily contaminated wastewater 
streams consisting of different types of contaminants? and (2) How can electrode fouling in EC be 
mitigated without disrupting the treatment process? To answer these questions, this thesis was 
divided into three main objectives, 1) gain insights into the removal of multiple contaminants from 
PW, 2) determine how PR affects electrode fouling and coagulant production, and 3) investigate 
the effect of solution chemistry in conjunction with PR on coagulant production, contaminant 
removal, and precipitate characteristics.  
Under Objective 1, several insights were gained into the effectiveness of Al- and Fe-EC for 
the treatment of PW. Firstly, it was determined that both Al and Fe-EC could remove silica, which 
is the primary contaminant in PW. Secondly, the removal of sulfide in Fe-EC was found to be the 
result of iron sulfide formation and, since this was the dominant iron precipitate in solution, the 
removal of silica was attributed to adsorption onto iron sulfides. While the removal of silica by EC 
has been investigated by other researchers, this research was the first to show its removal by 
adsorption onto iron sulfides. In contrast, the removal of silica in Al-EC occurred via adsorption 
onto aluminum hydroxides, while the removal of sulfide was due to stripping and electrochemical 
oxidation. Since the removal of sulfide via the formation of FeS in Fe-EC was much greater than 
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that by stripping and electrochemical oxidation in Al-EC, sulfide removal may be an important 
advantage of Fe-EC over Al-EC. Additionally Ca and Mg removal was observed in the organic-
free SPW solution in both systems but was hampered by the presence of organics in the authentic 
PW. Experiments conducted in the Fe-EC system also revealed that contaminant removal in this 
system was controlled by charge density (i.e., coagulant dosing) but not current density (i.e., the 
rate of dosing). While this portion of the research suggests that EC may be an effective treatment 
technology for the removal of silica from PW, further work into the issue of electrode fouling still 
needed to be investigated.  
Under Objective 2, it was found that during the treatment of SGW with DC Fe-EC and Al-
EC, the electrodes were fouled by metal oxyhydroxides (on the anode), and calcium and 
magnesium minerals (on the cathode.) When PR was applied at low f to remove fouling, calcium 
and magnesium minerals were removed from the surface of the electrodes in Al-EC but not Fe-
EC. In an attempt to eliminate the calcium and magnesium minerals, a higher f PR was employed. 
However, high f PR not only was unable to entirely eliminate fouling but also resulted in higher 
metal oxyhydroxide accumulation on both electrodes, both in Al-EC and Fe-EC. Moreover, PR 
also negatively impacted coagulant production in Fe-EC, with less coagulant production observed 
with increased PR f.  
Building upon the investigation with SGW, the research expanded into examining the effect 
of PR on coagulant production in NaCl, Na2SO4, and SPW solutions (Objective 3). As in the SGW 
case, PR was detrimental to ϕ in Fe-EC in these solutions, with ϕ being inversely proportional to 
PR frequency. Contrary to in the Fe-EC system, the application of PR had no consistent effect on 
ϕ in Al-EC: ϕ increased in the NaCl solution, remained unchanged in SGW, and slightly decreased 
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in SPW. These results demonstrated the importance of testing different operating conditions and 
electrode materials for the specific treatment application.  
Due to the lower ϕ observed in Fe-EC with PR operation, it was determined that if fouling 
control by PR is necessary, Al-EC may be a more appropriate electrode material. In particular, 
high ϕ is important for the treatment of PW by EC, since the removal of silica (and sulfide in Fe-
EC) is dependent on coagulant dose. Therefore, the effect of PR on precipitate characteristics and 
contaminant removal in SPW was further investigated with Al-EC. In this research portion, it was 
observed that the flocs produced under PR were smaller and settled at a slower rate. Furthermore, 
the application of PR at high f resulted in decreased removal of silica, calcium and magnesium. 
The less effective contaminant removal was attributable to the decreased coagulant production and 
the more neutral pH condition within the electrode boundary layers, which is less conducive to the 
precipitation of calcium and magnesium minerals. Overall, this portion of the research 
demonstrated that PR impacts not only coagulant production and electrode fouling but also 
contaminant removal as well as the separation of the precipitates post-EC.  As a result, careful 
optimizing of the use of PR will be critical to the proper implementation of PR as a fouling 
mitigation strategy in EC.  
In addition to the new insights gained into Al- and Fe-EC operation with PR, a novel EC 
reactor design, which used a Ti-IrO2 electrode as a cathode and an iron or aluminum electrode as 
the anode with occasional PR was tested. Experiments conducted in the Fe/Ti-IrO2 system 
maintained coagulant production over time and exhibited minimal electrode fouling, making it a 
promising solution for mitigating electrode fouling in Fe-EC. This new reactor design may be a 
way to ensure sulfide removal from PW, while also controlling electrode fouling. 
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Overall, this research showed the importance of investigating the mechanisms that control 
the performance of EC. An understanding of the processes that control the production of coagulant, 
contaminant removal, and electrode fouling, specifically how they are impacted by different water 
chemistry conditions, electrode materials, and EC operating conditions, will aid in the design and 

















6.2 Limitations and Future Research 
While this thesis met the objectives set, there are still limitations to this research and many 
avenues left to explore. As discussed in Chapter 3, silica is the primary scalant of concern for the 
oil sands industry. However, the removal of calcium and magnesium is also desirable. While 
calcium and magnesium were removed to some extent when EC was employed to treat SPW, the 
removal was significantly lower in authentic PW, presumably due to the complexation of calcium 
and magnesium with organic solutes. Additional research is needed to improve the removal of 
hardness from produced waters.  
The research reported in Chapters 4 and 5 revealed how dependent PR performance is on 
water chemistry, highlighting the need to study the performance of PR for the specific water to be 
treated. Additionally, Chapter 5 also showed that precipitate characteristics change with PR 
operation. It is likely that this effect would also change with water chemistry and would have 
different outcomes, depending on what contaminant is targeted for removal. Therefore, future 
work should focus on more solution chemistries with varying contaminants of interest.  
Another limitation of this research is the scale of the experiments conducted and the design 
of the reactors used. The experiments in this thesis were all lab-scale experiments with small 
reactor sizes, slow flow rates, uniform mixing, and short experimental durations. While 
experiments at this scale help create a controlled environment that allows for the isolation of 
different parameters, they are not representative of a full-scale EC treatment plant. Therefore, it is 
recommended that the insights gained in these experiments be used to inform the design of pilot 
scale experiments, which would help further elucidate factors that control EC performance. One 
of the factors known to affect EC, which was not studied in this thesis, is flow dynamics. The flow 
paths and flow velocity through the EC reactor can impact EC performance by controlling the 
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migration of ions from the electrodes to the bulk solution. It has even been suggested that fouling 
can be controlled by subjecting the electrodes to enough shear force such that the fouling layer is 
physically removed 9,177. However, increasing the flow rate may have a detrimental effect on the 
coagulation/flocculation process and, consequently, the contaminant removal performance. The 
optimal flow characteristics will also be highly situation-dependent, as it will impact the size of 
the reactor, the shape of the electrodes, and residence time. Additionally, pilot-scale experiments 
conducted for longer time periods (day, weeks, months) will be helpful in determining the long-
term applicability of PR as a fouling mitigation strategy.  
Finally, this research investigated the use of two electrode materials, namely aluminum and 
iron. While these electrodes are some of the most common materials used, PR-EC studies 
employing other electrode types would be valuable for situations where different electrode 
materials are more well suited to the EC application. For example, magnesium-based EC can be 
used for the removal of phosphorus from wastewater 222,223. Additionally, hybrid systems with a 
mix of electrodes, such as the Al and Fe - Ti-IrO2 system suggested in Chapter 4, should be studied 
and optimized for different solution chemistry and operating conditions.  
Despite the limitations and the need for future work, this study added to the growing body of 
literature on EC and helped filled several knowledge gaps that were present prior to this study.  
This thesis helped elucidate some of the fundamental factors that control the removal of 
contaminants and the use of PR in EC. The conclusions drawn from this work will help inform 
future engineers and researchers to empower them to design appropriate experiments and EC 
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Appendix I: Statistics  
 
 
t-Test: Two-Sample Assuming Equal Variances    
The values highlighted in yellow should be below 0.05 for 95% confidence  
tStat > tCritical to reject the null hypothesis (values in orange) 
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